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ABSTRACT

The study aims to assess and compare the concentration of microbial contaminants, their
sources and distribution in surface water and sediment, and to determine the impact of seasonal
variations and corresponding risks of faecal contamination using conventional and molecular
methods. Historical data analysis was conducted using E. coli values from the eThekwini Water
and Sanitation (EWS) department for 66 months (2009-2014). E. coli and Enterococci were
analysed in surface water and sediment samples using the mFC/ spread plate and Colilert-18
(IDEXX) methods. The impact of seasonal variations was assessed using E. coli and
Enterococci data collected during rainfall and no rainfall events, using an auto-sampler and
sediment trap in parallel. Conventional standard membrane filtration methods using mFC agar,
Slanetz & Bartley/ Bile Esculin and Brilliance E. coli selective agar were compared to the
enzymatic Colilert-18 and Enterolert (IDEXX) test methods along the Isipingo and Palmiet
Rivers. In addition, comparison of the analytical performance of droplet digital PCR (ddPCR)
and gPCR for the detection of Salmonella targeting ttr gene in river sediment samples collected
from the four sites of the Palmiet River in Durban, South Africa was done. In order to assess
the public health risk associated with exposure of men, women and children to microbial
pathogens in polluted surface water during recreational activities, the QMRA tool was
employed in relation to the risk exposure to pathogenic E. coli, Campylobacter, Salmonella
and Shigella. Also, the risk associated with crop irrigation (on farmers) as well as the

consumption of crops irrigated with surface water from the Isipingo river was determined.

Analysis of the historical data gave a baseline of the two rivers of interest, thus helps understand
the current situation of the rivers enabling researchers to pick up potential gaps. In this study
after the analysis of the historical data it was evident that at the Palmiet river, microbial analysis

must be conducted around the QRI settlements which is a major pollution source.
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Also, from this study it was found that sampling points situated close to wastewater treatment
plants, pump stations or informal settlements were of major concern, thus were considered for
the study. It was found that sediment exhibited higher microbial concentrations than surface
water, which was observed in both rivers. Also, rainfall had a significant impact on microbial
variability. Higher microbial concentrations (indicator organisms) were observed in surface
water after a heavy rainfall as appose to when there was no rainfall. This was due to
contamination that is washed off into the river and sediment resuspension. Methodology
comparison revealed that Colilert-18 and Brilliance E. coli were more selective compared to
mFC agar. Brilliance E. coli /Coliform agar was comparable with Colilert-18 IDEXX, which
was also observed with Slanetz & Bartley and Enterolert IDEXX. However, when mFC agar
was compared with Colilert-18 IDEXX, significant difference was observed. In comparison of
two Molecular methods, ddPCR were found to be fully amenable for the quantification of
Salmonella and offer robust, accurate, high-throughput, affordable and more sensitive
quantitation than gPCR in complex environmental samples like sediments.

Quantitative Microbial Risk Assessment (QMRA) relating to recreational and occupational
exposure showed that children were at the highest risk of getting infected. Also, it was observed
that the probability of infection upon exposure to surface water from the Isipingo and Palmiet
rivers was significantly high, hence exceeded the WHO guidelines values. Risk assessment on
crops revealed that pathogenic bacteria may pose a risk to the consumer, however, a 9-log
reduction may be achieved according to the WHO multi-barrier approach which involves

proper washing and proper cooking of the crop before ingestion.

Overall the sampling points that had the highest pollution level and constantly exceeded the
WHO and DWAF guidelines at the Isipingo river were the points situated and named “Next

to the WWTP”, and “Downstream of QRI” at the Palmiet River.
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CHAPTER 1 : INTRODUCTION

Water is a fundamental natural resource that is essential to human and animal life, the
environment, industrial growth, development, food production, hygiene and sanitation as well
as power generation (DWA, 2013). In spite of the value of water as a precious commodity
(DEAT, 2005), it suffers from pollution and overexploitation, which is of great human and

environmental concern globally.

The deteriorating quality of river water is a major threat to South Africa’s ability to provide
adequate water of appropriate quality to meet its population’s needs and to ensure a sustainable
environment (Singh and Lin, 2015). The majority of drinking water in South Africa is drawn
from surface water bodies such as lakes and rivers and treated for further use. It is very
important that the source water for drinking water intakes as well as public water supplies in
general are kept clean with minimal pollution, in order to reduce both public health risks and
economic costs of treating the water. However anthropogenic activities as well as seasonal
variations are determinants of the variability of the microbial water quality (Singh and Lin,
2015, Schauer et al., 2006, Cha et al., 2010). Protecting a source water body would be much
more economical than treating unprotected water in order to obtain clean drinking water, this
however is dependent on the local conditions

(http://www.who.int/water_sanitation_health/dwa/sheet4.pdf). In spite of the general

understanding and recognition that surface waters are often polluted from their surrounding
environment, the protection of surface waters is often partly neglected. Catchment protection
is a complex practice, that must be done both on a local and regional level with the help and
involvement of the surrounding community members of a particular water body and needs to
be appreciated and supported in order to obtain longstanding results (Elbag, 2006, Dufour et

al., 2003).


http://www.who.int/water_sanitation_health/dwq/sheet4.pdf

According to the Joint Monitoring Program (JMP) report, over 90% of the world’s population
now has access to improved water sources (WHO/UNICEF, 2015). However, in many
developing countries, like South Africa, water scarcity is a major and growing challenge
(Sibanda et al., 2013). This is especially true for the rural communities where inhabitants are
still using surface water of inadequate microbial quality from rivers and streams for domestic
purposes such as laundry, bathing and personal hygiene and irrigational purposes (Mthembu et
al., 2011, Luyt et al., 2012, Grabow, 1996). The water quality of these rivers and streams is
usually significantly compromised by animal faeces, from wastewater pump stations, during
pipe outbursts, industries and run-off from agricultural areas that channel their waste directly
into rivers (Teklehaimanot et al., 2014, Momba et al., 2006, Okoh et al., 2007). South Africa
has a population of 53 million (Stats SA, 2015), of which only an additional 31% of the total
population in the year 2015 gained access to improved sanitation facilities since the year 1990
(WHO/UNICEF, 2015). Although the estimated Millennium Development Goals (MDG)
target was not reached, moderate progress was achieved. This means that there is still people
who practice open defecation. The inadequate sanitation and lack of access to
microbiologically safe drinking water due to infrastructural problems force South Africans to
supplement their drinking water consumption with water resources of poor microbial quality
(WHO, 2014). Therefore, a significant proportion of residents in rural communities are exposed
to pathogens that may lead to water-borne diseases. Also, the corresponding risks, due to
contaminants, pathogenic organisms, as well as chemicals from industries is a major concern
(Cabral, 2010). According to the World Health Organization, the global disease burden could
be prevented by 10% simply by improving people’s access and use of safe drinking water as

well as resource management (Priiss-Ustiin et al., 2008).

Utilization of water supplies of poor sanitary quality has been associated with various illnesses

in the human population. The illnesses often present gastrointestinal-related symptoms such as



diarrhoea and nausea (Cabral, 2010). Organisms identified as waterborne fecal bacterial have
been conventionally recognised responsible for waterborne outbreaks of gastrointestinal
ilinesses. Pathogenic Escherichia coli, Salmonella, Shigella, Campylobacter, Yersinia, Giardia
and Cryptosporidium are well established fecal pathogens and parasites that have a history of
being responsible for waterborne outbreaks (Pandey et al., 2014). Assessment of infectious
microorganisms is based on their virulence and possibility to cause illness in humans, which
also depends on the microorganisms’ ability to survive in a particular environment. Depending
on the type of microorganisms, the minimal infective dose (MID) varies (Leggett et al., 2012,

Bitton, 2005).

According to the World Health Organization, diarrhoeal diseases is responsible for 1.5 million

deaths and 3.6% of DALYs globally every year (http://www.who.int/water sanitation

health/diseases-risks/en/). This is due to unsafe water, sanitation and hygiene resulting in

361 000 deaths yearly, of children under age five solely due to diarrhoeal diseases, especially
in  developing countries  (http://www.who.int/mediacentre/news/releases/2017/water-
sanitation-hygiene/en/). Children who are malnourished or have impaired immunity as well as
people living with Human Immunodeficiency Virus (HIV) are at higher risk than the general
population of life-threatening diarrhoea (Priiss-Ustiin et al., 2008). This is partly due to the lack
of access to, and use of, potable water, which has forced many inhabitants of informal
settlements to rely on surface water sources for their daily needs, thus exposing them to

waterborne diseases (Olaniran et al., 2009).

Sources of fecal contamination found within a river catchment can be differentiated as point
source and non-point source contamination. In an urbanised area, the major point source of
fecal bacteria is from wastewater treatment plants effluents and overflows, since most of the

residents are connected to sewers that drive their wastewater to the municipal wastewater plant.


http://www.who.int/water_sanitation%20health/diseases-risks/en/
http://www.who.int/water_sanitation%20health/diseases-risks/en/

Fecal pollution brought to the rivers through surface runoff represents an example of a non-
point source; its origin can be from informal settlements as well as from wildlife and grazing
livestock faeces and also cattle manure spread on agricultural land and other cultivated areas

(Wye et al., 1996, Wyer et al., 1997).

There are a number of different types of bacterial pathogens that can be present in human and
animal wastes, and they can vary significantly in their distribution, depending on the sources
of contamination affecting the water supply. Routine monitoring for all these organisms
remains difficult and impractical, while conducting detection and identification procedures for
each possible type can be very difficult and require significant resources. As a result, several
indicators of fecal contamination are used to detect fecal pollution in natural waters. The
abundance of these indicators may relate to the potential presence of pathogenic micro-
organisms from fecal origin and is thus an indication of the sanitary risk associated with the
various types of water utilisations such as, domestic use, bathing and drinking (Servais et al.,

2007, Bonde, 1962, Health Canada, 2013)

The United States Environmental Protection Agency (USEPA), World Health Organization
(WHO) and the National Microbial Monitoring Programme (NMMP) of South Africa
recommend the use of the indicator E. coli to assess the hygienic safety of recreational waters
which a catchment represent (USEPA, 1986, Luyt et al., 2012, WHO, 2001). In society, water
quality is of utmost importance, thus regular monitoring of water quality is necessary due to
increased survival and persistence of microorganisms in natural water, therefore exposure to it
may lead to public health concern. The hygienic quality of the natural waters is mostly assessed
based on fecal indicator bacteria (E. coli) specifically in surface water, however the sediment

is often overlooked. Thus, the potential of particle associated microorganisms to pollute the



surface water during recreational or occupational activities may pose a health risks particularly

during resuspension. (Abia et al., 2016a).

The eThekwini municipality generally measure the quality of river water once a month, by
collecting grab samples and analysing them according to Standard Operating Procedures
(SOPs) using the Colilert-18 IDEXX test method. These cultural-based methods are widely
accepted because of their relative ease of use, low cost, and demonstrated relationship to health

risk.

The Isipingo and Palmiet Rivers situated in KwaZulu-Natal, Durban (South Africa) are
increasingly being used for contact recreation, irrigation and other domestic purposes because
of the unavailability of other fresh water. However, there is not much information that has been
published in relation to the microbial pollution of these two rivers. To the best of our
knowledge, no published works are available on the health risk associated with the microbial
contamination of aquatic sediments and surface water of these two rivers or the impact that
seasonal variation has on both. Although, a large proportion of microorganisms are particle

bound, this is not reflected in normal monitoring.

Therefore, the aim of this study is to assess and compare the concentration of microbial
contaminants, their sources and distribution in surface water and sediments as well as to

determine the impact of seasonal variations and corresponding risks of fecal contamination.



Research objectives
In order to achieve the overall aim of this study, specific objectives (numbered) were

established and detailed as follows:

1. To analyse the historical data from the eThekwini municipality of the Isipingo
and Palmiet rivers at selected sites during the past five and a half years (66
months).

2. To analyse water samples for the presence of indicator organisms
(thermotolerant coliforms, Escherichia coli, intestinal enterococci (IE) using
conventional methods as well as molecular fingerprinting and make

comparative methodological assessments.

3. To assess and compare the quantities of particle associated microorganisms
upstream and downstream of selected sites (informal settlements and

wastewater outfall affected areas) along the Isipingo and Palmiet Rivers.

4. To determine the variability of these microbial quantities due to seasonal
variations, overflows, heavy rains (in order to account for pollution that is
washed off into the river) and the differences in occurrence between sediments

and surface water.

5. To determine the impact and corresponding risks of fecal contamination, based
on the theoretical assessment of certain pathogens such as Salmonella, Shigella

and Campylobacter on human health and as waterborne diseases.

To determine if the water from Isipingo and Palmiet rivers can be judged as suitable for crop

irrigation based on current microbial guidelines for good microbial quality



CHAPTER 2: LITERATURE REVIEW

2.1 Water Quality
Water quality is defined based on the qualitative characteristics of water in relation to guideline

values which relate to its use as drinking water and whether it is considered best for
consumption, basic domestic needs, recreational purposes as well as irrigation of food crops
(WHO, 2008). The challenges of water quality degradation and water scarcity, have made
water quality a protruding subject globally (Tundisi, 2008). Microbial (and other biological),
chemical, and physical aspects are all important components and indices of water quality. The
microbial aspect deals with the potential occurrence of pathogenic microorganisms that should
not be present in drinking water appropriately termed as potable water (Du Plessis, 2017).
These represent different potential routes of transmission of waterborne diseases to humans
(Murray, 2004). Potable water is most often treated by different means, such as chemical
coagulation, filtration and/ or disinfection so that it meets established drinking water guidelines
or standards as set by authorities such as the World Health Organization (WHO) on a global
level or national regulatory authorities such as South African National Standard (SANS)
(WHO, 2008, SABS, 2011, WHO, 2004). This water is expected to be accurately free from
harmful bacteria and contaminants and should be considered “safe” for drinking, cooking and
other food preparation purposes. Municipal water, that has been chlorinated, filtered, distilled
or purified, falls in the category of potable water. Hence, water treatment regimes including
disinfection and the execution of bacteriological surveillance programs has resulted in

decreased occurrence of water-related illness (DWAF, 2005).

2.2 Monitoring of Water Quality in South African Rivers
South Africa is a semi-arid country and water availability is one of our key limitations to

development. The Department of Water Affairs and Forestry (DWAF) is currently responsible

for water resources management at a national level and has in place a national monitoring



program with established procedures for assessing the microbiological and chemical water
quality of surface waters (DWAF, 2007). In order to facilitate the management of water
resources, the country has been divided into 19 catchment-based water management areas
whereby the Department of Water Affairs and Forestry (DWAF) together with Government
Departments is co-responsible for managing water resources (DWA, 2013). Weekly to monthly
sampling is conducted at 1600 monitoring stations at various river systems across Southern
Africa and the assessments form part of the River Health Program through the State of Rivers
initiative (WRC, 2002, RHP, 2005). The initiative collects, stores and interprets the data in a
systematic and quality-controlled manner which then allows each section of a river to be
allocated different river health categories (natural, good, fair or poor) based on the water quality
situation (RHP, 2005, WRC, 2002, DWAF, 2004). Monitoring points are partly located far
upstream in the catchments and are generally not representative of the loads that ultimately
enter the estuaries or marine environment and can be difficult in providing a national indication
of the microbiological water quality (WIOMSA, 2009). In South Africa only a few rivers
qualify as truly natural systems. River systems that qualify are located in protected areas such
as national or provincial parks and wilderness areas. However, the downstream parts of these
rivers may be impacted by upstream developments that are located outside of the protected
area. A typical example is that of most rivers that flow through the Kruger National Park
(DWAF, 2004).

Discharge from wastewater treatment plants has been one of the major factors that negatively
affect the quality of river water in South Africa, and often contain high microbial loads (Luyt
et al., 2012, Teklehaimanot et al., 2014, Okoh et al., 2007). Department of Water Affairs and
Forestry (DWAF) conducts assessments on the performance of wastewater treatment plants
that are run by all water authorities and service providers in South Africa. The criteria used in

assessing water authorities and service providers include: assessment of operational staff,



wastewater quality monitoring, wastewater sample analysis, submission of wastewater quality
results, wastewater quality compliance, management of quality failures, storm water
management, review of bylaws, publication of wastewater quality performance, wastewater
asset management and wastewater treatment works capacity. Water authorities and service
providers that meet the criteria and achieve an overall score above 90% are awarded a “green
drop” certificate for that particular treatment plant (Mupariwa, 2012). The Green Drop
certification is a regulation that is incentive-based, it focuses on the entire wastewater business
of the water services institutions. It is an important driver for enhancing and altering sub-
standard wastewater management services, whilst recognising competency and rewarding
excellence. The Green Drop certification ensures that wastewater treatment processes continue
without interruption. This puts great responsibility and diligence on the wastewater services in
ensuring that public health is protected and the environment is conserved for future generations

(Mupariwa, 2012, DWA, 2013).

Out of 27 wastewater treatment plants that were assessed in Durban during the year 2009, only
11 were “green drop” certified and the Isipingo WWTP was one of them. In 2011, the number
of WWTP that complied for a “green drop” certificate was reduced to nine when the Isipingo
and Verulam treatment plants lost their green drop status (Perkins, 2013, DWAF, 2011). The
Green Drop status implies excellent wastewater management and a respect for the environment
and the health of the community at large, which encourages municipalities and holds them
accountable for water quality monitoring (Perkins, 2013, DWA, 2013, Mupariwa, 2012).

This also ensures that effluents discharged into small tributaries like the Isipingo river are of
good microbial quality, since these small tributaries eventually feed into large rivers like the

Umgeni River which upstream serve as Kwa-Zulu Natal’s drinking water source.



2.3 Poor Water Quality threatens human health

The country’s water resources have been severely jeopardized due to rapid demographic
changes which have coincided with the establishment of informal settlements without access
to basic necessities (Fatoki et al., 2001). A large part of the population do not have access to
adequate domestic water supplies while millions of South Africans still lack access to
appropriate sanitary infrastructure, forcing many informal settlements inhabitants to rely on
poor quality surface water resources to compensate for their water requirements (Hemson and
Dube, 2004, Momba et al., 2006). A significant proportion of inhabitants of these rural
communities are in danger of contracting water-borne or water-related diseases (Olaniran et
al., 2009). The microbial quality of river water sources located in and used by specified rural
communities of South Africa, indicated that these water bodies were unsafe for human
consumption with high E. coli levels (Abia et al., 2016a). E coli in this respect both represent
an indicator of fecal pollution and a potential pathogen. The upper tributaries of river
ecosystems are generally of good to fair water quality whilst the lower reaches of most river
systems are affected by urbanization and run-off from both point-sources and diffuse pollution
sources resulting in poor water quality (Walters et al., 2011). This highly variable status of
water quality within individual catchments makes it more difficult to assess the overall state of
South Africa’s rivers and necessitate a monitoring program which accounts for representative

sampling points within the catchment.

2.4 Pollution sources
Bacterial, viral and parasitic pathogens that are present in human and animal wastes can vary

significantly in their distribution, depending on the sources of contamination affecting the
water supply. Surface water bodies are affected by two groups of pollution sources, namely,
point-source and non-point-source pollution (Juahir et al., 2010, Mustapha et al., 2013,

Simpson et al., 2002).
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Point sources include sewage from wastewater treatment plants, household wastes and
industrial discharges. Wastewater treatment plants often discharge oxygen deficient effluents
and are considered one of the main threats to serious health. Industrial effluents often contain
several different hazardous chemical and biological components, where the composition and
threat to human health depends on the types of industry. According to USEPA (2005), all point
source dischargers in the United States need to obtain a permit from their state, which includes
both industrial and municipal dischargers, or any other facility that discharges wastewater to
receiving water bodies. Such programs are put in place to greatly assist in the control of point
source pollutants of anthropogenic origin as they specify the allowable flow rate of a discharge

and the maximum concentration of specific pollutants (USEPA, 2005).

Non-point source pollution comes from many diffuse sources, and is typically related to run-
off due to rainfall or snowmelt (in low temperature countries). As run off flows into the water,
it picks up and carries natural and human/animal related pollutants, finally depositing them in
water bodies, wetlands, coastal waters, and even the underground sources of potable water
where these function as recipients (WHO, 2011). The major non-point contaminants are:
agricultural run-off (pesticides, excess fertilizers and pathogens), urban runoff (grease; oil), and
toxic chemicals from industries and energy production. Additional non-point sources are
sediment from improperly managed construction sites, eroding streambanks and acid drainage
from abandoned mines; microorganisms and nutrients from livestock, and faulty septic systems
as well as atmospheric deposition (USEPA, 2005, Dressing et al., 2003). Wild animals and
birds have also been identified as possible non-point sources of fecal contamination of water
resources (Coffey et al., 1993). Controlling non-point sources of pollution may be more
difficult than pollution from point-sources (Jamieson et al., 2004). Hence, this is a major
problem for surface water bodies partly due to the difficulties in identifying and rating the

relative impact of these sources of pollution. Thus, land use surveys and groundwater or surface
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water quality sampling are the key techniques of identifying where possible non-point sources

may be located (Elbag, 2006).

The concept that involves tracing the source of fecal pollution is called Microbial Source
Tracking (MST) (Harwood et al., 2014), in which endogenous markers of fecal origin are used
for identification of fecal pollution in aquatic environments. Chemical MST-methods can be
used to trace mainly sewage pollution, nevertheless no direct relationship was found between
the used chemical targets and pathogenic bacteria (Seurinck et al., 2005). This is not the case
in microbial MST-methods where source-specific bacteria or viruses are cultured or measured
with molecular methods to identify fecal pollution sources (Harwood et al., 2013, Harwood et
al., 2014). From time to time, microbial targets can be present in very low numbers to be
detected, this can be sidestepped by using molecular assays for host-specific marker detection.
Phenotypic and genotypic library-based methods are commonly used to discriminate among
different fecal sources. However, according to Seurinck et al. (2005) many issues remain
unresolved with regards to temporal and geographical variability. Also, the procedure is very
labour-intense due to the isolation step. In a comparative study Griffith et al. (2003), found that

phenotypic methods performed better than genotypic methods amongst the library based ones.

2.5 Routine monitoring and Indicator organisms
Routine monitoring for all microorganisms still remains difficult and impractical, thus

detection and identification procedures for each possible type can be very difficult and require
significant resources. As a result, monitoring for broad indicators of fecal contamination is
useful in verifying the microbiological quality and safety of the drinking water supply (Ashbolt
et al., 2001). The World Health Organization (WHO, 2001) defines indicator and index
microorganisms of public health concern as: (a) Process indicator- a group of organisms that
demonstrate the efficacy of a process, such as total heterotrophic bacteria or total coliforms for

chlorine disinfection, (b) Fecal indicator- a group of organisms that indicate the presence of

12



fecal contamination, such as thermotolerant coliforms or E. coli. Hence, they only assume that
pathogens may be present, (c) Index and model organisms- a group/or species indicative of
pathogen presence and behaviour respectively, such as E. coli as an index for Salmonella
(WHO, 2001, Ashbolt et al., 2001). Therefore, for a microorganism to be declared as ‘indicator’
it must be present when pathogens are present in water, should be absent in uncontaminated
water, present in higher numbers than pathogens in contaminated water and should survive
better in water than pathogens with considerable ease in analysis (Horan, 2003, Lin and

Ganesh, 2013, Shanker et al., 2013)

The identification and monitoring of specific pathogens at very low concentrations (especially
in the presence of large numbers of background microflora) is a difficult task. Furthermore, the
infective dose of different pathogenic microorganisms is in many cases low and may be masked
by an abundant background microflora. (Kinnula et al., 2015). Therefore, the presence of fecal
indicator organisms, generally non-pathogenic microorganisms, points towards the presence of
enteric pathogens in the sample. Their quantity is then related to the density of pathogenic
microorganisms of fecal origin and is thus an indication of the health risk associated with the

various water uses such as, recreational, irrigation and domestic use (Servais , 2007).

Fecal indicator organisms remain at the forefront of water and wastewater microbiology. On
an average, an individual will excrete roughly 10*!- 10 organisms/g of feces (Stenstrom,
2004). Most of the bacteria isolated from faeces do not cause infection and in the present
context they are important as far as they act as surrogate indicators of infective hazards (Horan,
2003). Different countries have permissible limits of ‘indicators’ of microbial quality of water

as shown in the table below.
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Table 2.1: WHO global guidelines values and DWAF South African standards, specifying the
acceptable limits of indicator organisms for water intended for drinking, irrigation and
recreational purposes

Organization/ | Water use Bacteriological quality limit Reference
government value or range
WHO Drinking water 0 Fecal coliforms/E. coli/100 mL | (WHO, 2011, WHO,
2004)
WHO Unrestricted irrigation of crops | <1,000 Fecal coliforms/100 mL (WHO, 2006)
(including uncooked crops)
DWAF Drinking water 0-5 Total coliforms/100 mL; (DWAF, 2005)
0 Fecal coliform/100 mL
DWAF Full-contact recreation 0-130 Fecal coliforms/E. coli/100 | (DWAF, 1996c)
(swimming) mL
DWAF Intermediate recreation 0-1,000 Fecal coliforms/100 mL | (DWAF, 1996c)
depending on the level of
water contact
DWAF Irrigation water applied to <1 E. coli/100 mL (DWAF, 1996b)

minimally processed produce

Indicator organisms are used for different purposes, such as (WHO, 2011):

fecal pollution in verification and surveillance monitoring;

the effectiveness of processes such as filtration or disinfection in validation;

integrity and cleanliness of distribution systems in operational monitoring.

In water quality assessment, fecal indicator bacteria (FIB) are used to measure the sanitary

quality of water for recreational, industrial, agricultural and water supply purposes. The FIB’s

are natural inhabitants of the gastrointestinal tract of humans and other warm-blooded animals.

They are released into the environment with feces, and are exposed to a variety of

environmental factors (Ashbolt et al., 2001). The survival time and persistence of fecal

indicator bacteria in river environment is affected by environmental factors such as sunlight,

temperature, competition for nutrients with autochthonous bacteria naturally inhabiting the

water, predation by protozoa and other small organisms and toxic industrial wastes (Tortorello,

2003). In the indicator concept, it is assumed that the die-off of pathogens and FIB are equal.

The die-off is a factor related to reduction with time (Bonde, 1962, Anderson et al., 2005,
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Taylor, 2003). This is not always correct, especially where viruses and parasitic protozoa may
persist extensively longer (Servais, 2007). However, the presence of relatively high numbers
of FIB in the environment indicates the likelihood of the presence of pathogenic

microorganisms.

2.5.1 Coliforms
Fecal indicator bacteria are represented by both total and fecal coliforms and are the most

widely used in relation to water quality. Coliforms are a heterogenous group that can originate
from numerous surroundings (Ashbolt et al., 2001). Therefore, due to their long history of use,
coliforms provide a reference point to which alternative indicators can be compared. These
include total coliforms, fecal coliforms as well as E. coli which have a direct connection to
fecal pollution. It is important to note that coliforms may differ in sensitivity to treatment
processes such as chlorination as well as environmental stress compared to many pathogens
(Bonadonna et al., 2002, Nasser et al., 2003, Ottoson, 2005) which limits their suitability to be
used as water quality indicators of reuse products exclusively (Bitton, 2005). Total coliform
bacteria are aerobic and facultatively anaerobic, Gram-negatives that grow, ferment lactose and
produce acid or aldehyde in the presence of bile salts within 24 hours at 35-37°C. The enzyme
B-galactosidase is produced as part of the lactose fermentation. The total coliform group
includes both fecal and environmental species, for example the genera Escherichia, Citrobacter,

Klebsiella, Enterobacter, Serratia and Hafnia (WHO 2011).
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Figure 2.1: Examples of environmental indicator organisms of water quality. (Adopted from
Shanker et al., 2013)

A number of environmental indicators of water quality have been described (Figure 2.1).
Coliforms and related pathogens are broadly categorized as Total Coliforms (TC), Fecal
Coliforms (FC) or thermotolerant coliforms and other indicator organisms Figure 2.1. Studies
have shown that 60 to 90% of total coliforms are fecal coliforms and 90% of fecal coliforms
are E. coli (Shanker et al., 2013). E. coli and thermotolerant coliforms ferment lactose at higher
temperatures (44-45 °C). As part of lactose fermentation, total coliforms produce the enzyme
B-galactosidase. E. coli can be differentiated from the other thermotolerant coliforms by the
ability to produce indole from tryptophan or by the production of the enzyme B-glucuronidase
(Wohlsen, 2011). Traditionally, coliform bacteria were regarded as fitting to the genera
Escherichia, Citrobacter, Klebsiella and Enterobacter but the group is more heterogeneous

and includes a wider range of genera, such as Serratia, Hafnia and others. The total coliform
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group includes both fecal and environmental species as well as organisms that can survive and

grow in water (WHO, 2011).

2.5.2 Escherichia coli (E. coli)
E. coli are bacteria that form part of the common microflora found in the intestines of humans

and warm-blooded animals and form an important part of a healthy human intestinal tract. Most
of these E. coli strains are not pathogenic and are therefore not harmful to the human body. It
is accustomed to a pH of 7-8 and body temperature of 37 °C. E. coli is excreted in feces in
densities between 10°— 108 CFU g* (Geldreich, 1978, Ottoson, 2005) although regrowth may
occur. However, some E. coli types are pathogenic, and can lead to serious illnesses with
symptoms including diarrhoea, abdominal cramping or illness outside of the intestinal tract like
fever. The types of E. coli that cause illnesses can be transmitted through contaminated water
or food, or through contact with infected animals or human feces. Independently, United States
Environmental Protection Agency (USEPA) recommends E. coli as the best indicator of health

risk in surface waters (USEPA, 2005).

According to the Centre for Disease Control and Prevention (CDC), pathogenic E. coli strains
can be characterized into different pathotypes. Six pathotypes are associated with diarrhoea,
and they are collectively referred to as diarrheagenic E. coli, namely: Shiga toxin-producing E.
coli (STEC), Enterotoxigenic E. coli (ETEC), Enteropathogenic E. coli (EPEC),
Enteroaggregative E. coli (EAEC), Enteroinvasive E. coli (EIEC) and Diffusely Adherent E.
coli (DAEC), (CDC, 2014). Serotypes of E. coli are commonly assessed using flagellar and

surface antigens (H and O), and specific serotypes often cluster within specific pathotypes.

2.5.3 Intestinal Enterococcus
Intestinal Enterococci earlier called Fecal Streptococci, are Gram positive, non-spore forming

members of the Streptococci bacteria generally found in the feces of warm blooded humans

and animals. They are among the common microbiota of the gastrointestinal tract of humans
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and animals. Thus, there are multiple strains of enterococci, many of which are not harmful to
humans. Enterococci can be distinguished from other streptococci by their ability to grow in
high sodium chloride concentration (6.5%), at pH values that are as high as 9.6 and at 45°C,
hence they are thermotolerant (Ashbolt et al., 2001). Enterococci is excreted in feces in
densities of 10° — 108 CFU g* (Geldreich, 1978, Ottoson, 2005). They are more resistant to
chlorination and environmental stress and persist comparatively long in the environment. They
rarely multiply in water compared to E. coli and other coliforms (Van Lier et al., 2008).
Enterococci have distinctive characteristics which allow them to be isolated and used as a fecal
indicator in surface water that is used for recreational, irrigation as well as drinking water
intakes. Enterococci is recommended as an indicator of fecal contamination in management of
recreational water quality as their presence correlates best with the incidence of swimming-

related gastroenteritis (Ashbolt et al., 2001, Kay et al., 1994, Priss, 1998).

As much as enterococcus plays an important role in water quality monitoring, like E. coli, it
has significant shortfalls as a true fecal indicator, and can as well to a lesser extent regrow in
the environment under favourable conditions (Desmarais et al., 2002). Enterococci are often
less numerous than E. coli in human fecal material (Feachem 1983) which can make them more
difficult to detect in surface waters. The ability of enterococci to regrow and the lower organism
concentrations thus sometimes limits enterococci’s usefulness as a fecal indicator of recent
contamination (Boehm and Sassoubre, 2014). In spite of their shortfalls, using enterococci as
a fecal indicator has key advantages over the use of coliforms and E. coli (Van Lier et al.,

2008).

2.5.4 Bacteriophages
Bacteriophages are viruses that infect bacteria and serve as a model for the assessment of the

behaviour of enteric viruses in water treatment and disinfection processes (Ashbolt et al.,

2001). According to a report by the United States Environmental Protection Agency (USEPA)
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coliphages can now be considered as an indicator of viral contamination in groundwater
(USEPA, 2006). There are several groups of coliphages that could be used as indicator
organisms. These include somatic bacteriophages, HSP40 bacteriophages and male specific F-

RNA bacteriophages (Grabow, 2001).

Somatic coliphages are viruses that infect E. coli through cell wall receptors (Ashbolt et al.,
2001) and are very good indicators of fecal contamination because they can only infect their
fecal host (USEPA, 2006). Hence, the detection of somatic coliphages indicates both bacterial
and viral contamination levels in water (Harwood et al., 2013). Somatic bacteriophages are
mainly used as indicators of the potential presence of enteric viruses in water due to similar
survival characteristics. They occur in high counts in fecal waste, but it has been reported that
they can multiply in natural waters under unusual circumstances, when their host bacteria can

grow and be infected (Grabow, 2001).

Conventional methods such as the double layer plaque assay are generally used to detect
somatic and FRN-specific bacteriophages (1ISO, 2000a, ISO, 1995). These are conducted using
the E. coli strain (ATCC 13706) nalidixic acid-resistant mutant WG5 and the Salmonella

typhimurium WG 49 nalidixic acid-resistant mutant as hosts respectively.

2.6 Factors that affect microbial concentration
2.6.1 Temperature

Temperature can affect a microorganism’s ability to survive and grow in water. Generally
enteric microorgansisms including pathogens can survive for longer time periods under low
temperature conditions (-5 °C). At temperatures, above 20°C, some have the ability to regrow,
but at temperatures >40 °C die off is generally rapid (Feachem et al., 1983). In a study
conducted in the Lake Winnipeg, Pip and Allegro (2010) showed that higher concentrations of
total coliform bacteria were associated with increased temperature. Wilkes et al. (2011)

detected Campylobacter more often when the mean air temperatures were cooler. One study
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addressed temperature (air and water) on Bacteroides using molecular and cultivation
approaches and found that Bacteroides organisms were detected more often in lower
temperatures than in higher temperatures. However, elevated temperatures were associated

with a relatively high die-off rate (Ballesté and Blanch, 2010).

According to Blaustein et al. (2013) and Pachepsky et al. (2014) amongst others, temperature
is also one of the most important physiochemical properties that affect the growth and survival
of microorganisms in water. Warmer water temperatures are related to a higher microbial

concentration, which was also evidence in a study conducted by (Abia et al., 2015b).

2.6.2 Rainfall
Rainfall has the potential to influence microbial water quality and relate to both point sources

and non-point sources related to surface run-off. The connection between microbes in the
recipient and precipitation has been demonstrated in many studies throughout the world (Cha
etal., 2010, Martinez et al., 2014, Ackerman and Weisberg, 2003, Shehane et al., 2005, Holvoet
et al., 2014). Whitman et al. (2008) showed that E. coli increased 10 and 100-fold following
rainfall and snowmelt events, respectively, in an artificial stream system. Haack et al. (2003)
identified a 48-72-hour lag between precipitation and elevated E. coli concentrations along the
Grand Traverse Bay coast. Jamieson et al., (2005) found that storm events increased sediment
resuspension and in turn elevated bacterial concentration in a Canadian stream. Furthermore,
Whitman and Nevers (2003) identified a significant correlation between E. coli and barometric
pressure in Lake Michigan. Collectively, these results demonstrate the impact of rainfall on
natural (e.g. stream flow) and human (e.g. wastewater treatment) systems which lead to

degraded surface water quality.

2.6.3 Sediments
Over the year’s researchers have discovered that sediments harbor chemicals, toxins, and

nutrients which probably have the potential to impact overlying water (Marvin-DiPasquale et
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al., 2003, Smart and Barko, 1978, Mortimer, 1971). Although the relationship between bacteria
and sediment and the corresponding impact that such bacteria have on surrounding water
quality is still not as clear. It is now known that bacteria can accumulate, regrow on sediments
and potentially be released to the overlying water but standards for bacteria analysis in
sediments still do not exist. Sediment have been shown to harbor excessive numbers of fecal
indicators and even foster regrowth of some fecal indicator bacteria (Mika et al., 2009). This
is because sediments act as a reservoir for microorganisms (Abia et al., 2016a). Different types
and sizes of sediments have different impact on microorganism abundance, thus smaller sized
sediment particles were said to correlate positively with higher microorganism populations
(Howell et al., 1996, Anderson et al., 2005). Particle associated microorganisms are also said
to survive for longer periods of time in sediments compared to surface water (Whitman and
Nevers, 2003). This is partly attributed to the fact that these microorganisms are not exposed
to UV rays and are not easily accessible to competition (Kunkel et al., 2013, Liang et al., 2013).
Resuspension due to enhanced flow, precipitation or wind can cause sediment associated
bacteria to be released to the surrounding water (Whitman and Nevers, 2003). Further research
is needed to elucidate the role of non-point source pollution on water quality and its association
with human health risks. Such associations will require investigations at multiple spatial and
temporal scales through river water bodies. Fecal indicator bacteria that had accumulated in
sediments, expressively contributed to surface water quality (Abia et al., 2016b) as a result of
wave action or increased flow rate (Kinzelman et al., 2004, Zikhali et al., 2015). Increased
turbidity enhanced the survival of E. coli (Garcia-Armisen and Servais, 2009), which

implicates that sediment resuspension is a source of water quality impairment.

Fecal indicator bacteria concentrations observed in beach sand and sediment are often higher
than in surrounding water. Whitman and Nevers (2003) reported that sand situated nearshore

were found to have higher E. coli concentrations (4000 CFU/100 mL ) than the surrounding
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waters (43 CFU/ 100 mL1). Alm et al. (2003) made a similar observation, but also found that

E. coli concentrations decreased with sediment depth.

Although the fate of molecular source tracking markers in sediment is not well understood, a
study has attempted to investigate the persistence of source markers in water while taking into
account their presence in sediments (Dick et al., 2010). However, bacteria and molecular source
markers have been shown to exist in higher concentrations and survive longer in sediments
than in surrounding water (Cabral, 2010). The linkage between microbial accumulation and
persistence characteristics in environmental sediments to water quality change at various
watershed scales are not well studied particularly given both natural and anthropogenic
influences. The current study sheds some light in that respect by evaluating the surface water
and sediments at the Isipingo and Palmiet Rivers using both conventional/enzymatic methods

(Chapter 3 & 4) as well as molecular finger printing (Chapter 5).

2.7 Conventional techniques used for the detection of bacterial, viral indicators and
pathogenic bacteria

Culture based methods have been recommended and used routinely for many years to date for
the identification and detection of mainly bacterial but also viral microorganisms (plague).
When using this, bacteria are grown on specific culture medium at a specific temperature for a
particular period of time. Their characterization is based on the morphology and confirmed
using biochemical tests. The most common conventional culture based methods used for

bacterial and viral indicators as well as pathogen detection are:

2.7.1 Membrane filtration and Spread plate Method
The membrane filter (MF) technique is used to test relatively large volumes of sample with

low turbidity. This method is very useful in monitoring drinking water and a variety of natural
waters (1SO, 2000b). This method involves the use of a specified pore size filters of which the

water is filtered through and placed on the media of choice (depending on the target
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microorganism). The incubation period is dependent on the type of media and microorganism.
This method can be used for both bacterial and pathogenic microorganisms. However, the MF
technique has limitations, particularly when testing waters with high turbidity as the microbial
load may be too numerous to count (Buckalew et al., 2006). The spread plate technique which
is a standard plate count method is often used to enumerate and isolate bacteria on highly turbid
samples. The highly turbid samples are serially diluted and 0.1 or 0.2 mL of sample is spread
onto the surface of the agar using a glass hockey stick. In this study, both the MF technique as
well as the spread plate technique were used for the enumeration microorganisms on selective

agar.

2.7.2 Detection using chromogenic substrates
Chromogenic compounds, added to the conventional or newly devised media are used in order

to increase selectiveness of the media and detectability of specific organisms. These
chromogenic constituents are modified either by enzymes or specific bacterial metabolites
(Manafi, 2000). Once modified, the chromogenic substance changes its colour or fluorescence,
thus enabling easy detection of colonies that display the metabolic activity. In this way, these
substances normally limit the need for isolation of pure cultures and further confirmation tests.
The time required for the determination of different indicator bacteria can be reduced from the

normal 24-48 hours to a range of 14 to 18 hours (Wohlsen, 2011).

2.7.3 Most probable number methods
The most probable number (MPN) technique is an important technique in estimating microbial

populations in soils and/or sediments, waters, food matrix and agricultural
samples. Many samples contain heterogeneous microorganisms, therefore exact cell numbers
of an individual organism are often impossible to determine. This method does not rely on

guantitative assessment of individual cells; however, it relies on specific qualitative attributes
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of the microorganism of interest. The MPN technique estimates microbial population sizes in

a liquid substrate and results can be obtained between 24 to 48 hours (Woomer, 1994).

2.7.4 Defined substrate methods
These methods can be related to media that contain specific enzyme substrates. These

substrates provide significant enhancements in recoveries and identification of target bacteria.
Furthermore, the enzyme-based methods are known to pick up traditionally non-culturable

microorganisms (Valente et al., 2010).

This defined substrate approach has been advocated by International Standards Organisation
for miniaturised MPN based methods for coliforms/E. coli and enterococci (ISO/FDIS, 1999
(Warden et al., 2011). An example of this is the IDEXX Colilert-18 and Enterolert define
substrate methodology, which is used globally for the microbiological assessment of water.
Colilert has been used for the enumeration of total coliforms and Escherichia coli
simultaneously, and the Enterolert system has been used for the enumeration of Enterococcus,
on the basis of the target organism’s ability to metabolize fluorogenic or chromogenic substrate
and convert it to a detectable end product (IDEXX, 2001, Kinzelman et al., 2005). Previous
studies have reported false-positive results with the use of Colilert® for identification of E. coli
(Pisciotta et al., 2002, Chao, 2006), while others reported negligible false detection rates of E.
coli with the Colilert® reagent (Buckalew et al., 2006, Omar et al., 2010, Chao et al., 2003). In
spite of these discrepancies, the Colilert® method has been proven to be comparable to other
EPA approved methods for the enumeration of E. coli and has been highly recommended

(Warden et al., 2011).

2.8 Molecular Methods based on Genetic Signature of Target Pathogen
The nucleic acid sequences are unique to all living organisms. These genetic sequences are the

potential (possible) targets to differentiate one organism from another and diagnose various

disease-causing agents. In the post-genomic era, large numbers of microorganisms have been
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sequenced. In early, 2013, ~ 18000 prokaryotic genomes have been sequenced (NCBI Genome
database, http:// http://www.ncbi.nlm.nih.gov/genome/browse/). The NCBI Genome sequence

database has made it possible to analyse microbial pathogens at molecular level.

The application of molecular methods should be considered in the context of quality
management for potable water. The new methods influence epidemiology and outbreak
investigations more than the routine testing of processed drinking water. A number of
molecular approaches such as RFLP (Restriction fragment length Polymorphism), RAPD
(Random Amplification of Polymorphic DNA), FISH (Florescence in situ Hybridization), PCR
(Polymerase Chain Reaction), gPCR (Quantitative PCR) and digital PCR can be used for

pathogen detection but each method has limitations.

For the fulfilment of the objectives of this study, qPCR and digital PCR were employed.

2.8.1 Polymerase Chain Reaction Technique and Quantitative PCR
The powerful molecular technique, Polymerase Chain Reaction (PCR) allows amplification of

target DNA to generate multiple copies that can be detected. PCR validated by the International
Organization for Standardization (ISO), is now used for testing of foodborne pathogens
(Malorny et al., 2004). One of the limitations in PCR is that the assay volume is relatively small
and requires the sample to be concentrated to micro-litres. The water sample has to be
concentrated and purified using suitable methods as natural water samples often contain
inhibitory substances such as humic acids and iron, that concentrate with the nucleic acids
(Singh et al., 2017b, Sidstedt et al., 2015). Therefore, it is critical to have positive and negative
controls with each environmental PCR sample in order to check for inhibition and specificity.
It may also be critical to determine whether the signal obtained from the PCR is due to naked
nucleic acids or living and dead microorganisms. The sensitivity of the PCR is often not

sufficient and post PCR processing and analysis is required (Hayden et al., 2013).
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Quantitative PCR (gPCR) also known as Real Time PCR is a fluorescence based detection
format which is more sensitive than conventional PCR. Like PCR, real time PCR works on the
basis of amplification of target DNA to generate multiple copies that can be detected. However,
samples can be analysed in real time with higher specificity, sensitivity, reproducibility and
wide quantification range. Thus, no Post PCR processing is required. The technique has been
applied to locate non-point sources of pathogen contamination and environmental risk

assessment (Singh et al., 2013, Singh et al., 2010).

gPCR is an often preferred method for the quantitative enumeration of pathogenic microbes in
complex environmental matrices. Although gPCR is a powerful method for the quantitative
enumeration of microbial communities, there are still drawbacks that often might affect the
analysis of results, especially when dealing with complex sample mediums. Some of the
limitations range from specificity of primers targeting a specific group, florescent probes as
well as nucleic acid extraction efficiency. The quality of template nucleic acid and

amplification of nonviable DNA are also important factors that affect gPCR analysis.

A recent study has shown the application of gPCR for the detection of several bacterial
pathogen in a river in Southern Ontario, Canada which is the major source of drinking water
(Banihashemi et al., 2015). In this study, gPCR was coupled to propidium monoazide dye for
the quantitative enumeration of selected pathogens such as Salmonella enterica,
Campylobacter, Escherichia coli O157:H7 and Arcobacter butzleri and suggested that gPCR
coupled with propidium monoazide (PMA) dye could detect viable pathogens in surface water
(Banihashemi et al.,, 2015). gPCR has also been used for detection of Enterotoxigenic
Escherichia coli and Salmonella in environmental water and sediments (Singh et al., 2013,
Singh et al., 2010). Malorny et al. (2008) also enumerated Salmonella bacteria in food and feed

samples using qPCR in order to quantitate the microbial risk.
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2.8.2 Digital PCR
Digital PCR (dPCR) is known as the third-generation PCR technology which further adds to

the quantification of pathogens based upon genetic analysis. Using this technology which is
developed on the workflow of qPCR, prior to PCR amplification, the sample is subjected to
portioning into hundreds of millions of individual reaction chambers, so that each contains one
or no copies of the sequence of interest. However, Digital PCR can be subdivided into two
different types that are based on different principals, that is, the chip principal and the other is
based on the droplet principal (Baker, 2012). The latter has been developed as a new platform
for DNA quantification as this phenomenon has advantages over gPCR, which will be

elaborated in Chapter 4.

The methods described above were used continuously in order to achieve various objectives.
Further comparison and correlations between the results obtained using the different methods

will be elaborated in Chapter 4.

2.9 Waterborne outbreaks in South Africa
Diarrhoeal diseases are one of the major contributors to the Global Burden of Disease (GBD)

(Stenstrém, 2004). These include cholera, typhoid fever and shigellosis amongst others, which
are transmitted through contaminated water, food, crops and direct or indirect exposure such
as domestic recreational or occupational activities (Pruss, 2014) Globally, Inadequate drinking
water and sanitation are estimated to cause 502 000 and 280 000 diarrhoea deaths,
(http://www.who.int/water_sanitation_health/diseases-risks/ghd_poor_water/en/). They are
the most sever to human health, especially those living in rural areas, informal settlements as
they do not have access to proper sanitation and treated drinking water. There is sufficient
evidence of developing countries relating to waterborne outbreaks demonstrating the risk
related to fecal contamination of drinking water sources. Pathogenic and multi-drug resistance

microorganisms are present in surface water of rivers in various parts of South Africa that are
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used for household, domestic and irrigational purposes (Miller et al., 2001, Momba et al., 2006,
Igbinosa and Okoh, 2009, Okoh et al., 2015, Iweriebor et al., 2015). In 2000-2001 an
unexpected cholera epidemic occurred that originated in KwaZulu-Natal province whereby
114 000 cases were reported resulting in 260 deaths (Hemson, 2016). In the year 2005, another
diarrhoea outbreak was reported in Mpumalanga Province (Delmas Town) which led to 528

cases resulting in four deaths and 69 people hospitalised (Oberholster and Botha, 2014).

Transmission of pathogens by exposure to contaminated water is still a major cause of
infections, this is demonstrated by the number of outbreaks that have been reported globally
(Medema et al., 2003). The problem is often underestimated when based solely on detected
outbreaks. This is because most waterborne diseases often go undetected by the reporting
systems as symptoms of gastrointestinal illnesses are usually mild and general, thus most
people do not seek medical help. Also, the symptoms usually last a few days to a week
(Stenstrém, 1994). The detection, reporting and the characterization of waterborne outbreaks
is very important in the identification of the disease. However, the detection strategies should
be robust and involve sensitive methods for early screening and quantitative enumeration of
the targeted pathogens and should be capable of aiding in the proper assessment of the

microbiological quality of water (Singh et al., 2017a).

2.10 Quantitative Microbial Risk Assessment
The risk associated with exposure to fecal contaminated water can be assessed using

epidemiological studies or Quantitative Microbial Risk Assessment tools (QMRA). However,

both methods have advantages and disadvantages.

In this study, emphasis was more on QMRA (also see further Chapter 5). QMRA involves

identification of hazards, estimation of the risk relating to exposure to microorganisms and a
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dose response relationship (Figure 2.2) (Haas et al., 1999). These steps are further used in the

subsequent risk characterization.

| Hazard |
Identification

C:)uant'ltatlv.e SEcsie )
Microbial Risk assessment ’

Assessment tools

(QMRA) | l

Dose-response
assessment

Figure 2.2: Different steps involved in Quantitative Microbial Risk Assessment tools
(QMRA) analysis.

A dose response model can be used to estimate the probability of infection. QMRA is not only
used to estimate the risk in water related exposures, however, it can be used to estimate the
microbial risk in food (Perez-Rodriguez and Valero, 2013), water supply as well as human
feces/wastewater. QMRA can be used to directly estimate the risk to human health by
predicting infection rates given densities of particular pathogens. It often used in the context of
drinking water in many countries. Unlike in the developed countries where QMRA is mostly
associated to recreational activities involving accidental ingestion of polluted water, the risk in
developing countries is usually higher due to the direct contact of the polluted waters such as
domestic, irrigation, recreational and occupational activities (Gemmell and Schmidt, 2013,
Chigor et al., 2014, Sibanda et al., 2013). Studies have been conducted to assess such human
health risk due to microbial pollution in some South African rivers (Genthe et al., 2013, Le

Roux et al., 2012, Steyn et al., 2004).
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Quantitative risk assessment is further elaborated in Chapter 5 and risk associated with

recreational and occupational activities is discussed.
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CHAPTER 3 : COMPARISON OF BACTERIAL INDICATORS IN
SURFACE WATER AND SEDIMENTS AT THE ISIPINGO AND
PALMIET RIVERS

3.1 Introduction
In settlements throughout the world, surface water is the primary available water source for

human use such as for drinking and domestic purposes (Luyt et al., 2012). Surface water refers
to a body of fresh water that is found flowing or standing such as streams, lakes, river basin
sites, ponds and reservoirs (Cooke et al., 2016). Surface waters are often highly impacted by
anthropogenic activities which is a contamination source of surface waters affecting the fast-
growing informal settlements in South Africa (Cabral, 2010). The overall load of pathogenic
microorganisms of human origin that enter a catchment depends on several factors, such as the
total human population, the proportion of the population using sewerage systems that discharge
into the river and the proportion that comes untreated due to run-off from settlements
(Teklehaimanot, 2013). The level of the wastewater treatment as well as the operating
efficiency of the wastewater treatment system also plays a pivotal role (Teklehaimanot et al.,
2014, Sibanda et al., 2015). Therefore, the quality of the receiving water bodies varies with
time (Bartram and Ballance, 1996) and is often more unreliable as compared to ground-water
sources, where the water undergoes a natural purification due to physical, chemical and

biological filtration through the soil (Taylor, 2003).

River basins polluted by fecal discharges from humans and animals may transport a variety of
human pathogenic microorganisms (viruses, bacteria, protozoa and helminths) (Teklehaimanot
et al., 2014). The human exposure relates both to direct contact to fecal material as well as oral
transmission mediated both by drinking water, after recreational exposure as well as through
crops that may be irrigated with polluted water (WHO, 2003). Public health is often

compromised in instances where fecal matter (human/animal origin) is washed off from the
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surface of the ground into the river, or when waste from pit latrines seep below the ground or
are emptied directly into the river (Abia et al., 2015b). Blockage of sewage pipes also result
in the discharge of waste into rivers. Direct discharges occur during periods of planned direct
release of untreated wastewater or due to planned or unplanned overflow of storm water drains

(Cyr et al., 2015).

Microbial contamination of potable water sources is one of the chief causes of the spread of
waterborne diseases (Franz, 2005). Mortality rate due to diarrhoea in Africa is high among
children under the age of 5, the immunocompromised individuals as well as the elderly (Kotloff
et al., 2013, Liu et al., 2012, Walker et al., 2013). Microorganisms that enter the river either
remain in the aqueous phase in surface water or become attached to suspended particles that
may sediment (Gao et al., 2011). The particle bound microbial concentration increases over
time whereby a vast majority of them become preferentially attached to particulate material,
which promotes their downward flux to the bottom riverbed sediment where they are found in

greater abundance (Droppo et al., 2009).

Increasing evidence indicate that bacteria often shows an attraction to sediment attachment
(Jamieson et al., 2004, Ekwanzala et al., 2017). This is because of physical adsorption due to
charge or hydrophobic interaction and that sediments further provide a beneficial environment
to the microorganisms including a higher concentration of nutrients (Whitman and Nevers,
2003), food assimilation and protection from environmental stress such as predation (Liang et

al., 2013, Kunkel et al., 2013).

The riverbed sediments have been reported to serve as reservoirs of pathogenic microorganisms
of fecal origin (Alm et al., 2003, Luna et al., 2012, Luna et al., 2010). Sediments often undergo
re-suspension due to natural events such as heavy rainfall or anthropogenic activities (Abia et

al., 2017a). During these events, microorganisms may re-enter the water phase, thus increasing
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the microbial load of the surface water, which implicates that sediment resuspension is a source

of water quality deterioration (Griffith et al., 2010, Luna et al., 2012).

While the concentration of pathogens in surface water is a major health risk, the impact from
sediment and the subsequent monitoring is still not considered in many developing countries,
including South Africa (Abia et al., 2015c). Thus, the monitoring programme in place may
underestimate the actual microbial load of a drinking water source and may constitute a
potential human health risk, especially in an event of sediment resuspension (Donovan et al.,
2008, Obasohan et al., 2010, Abia et al., 2016b). During routine monitoring, sediment analysis
has often been neglected in relation to the microbiological water quality and if tested, emphases
is on the chemical contaminants (Guerra et al., 2009). This may be due to lack of understanding
of the importance of the relationship between particle associated microorganisms and riverbed
sediments and the health risks associated with it (Droppo et al., 2009). In order to prevent
microbial hazards in the surface water from causing health risk through drinking water, an
understanding of the catchment and its inherent activities is needed (Ferguson et al., 2003, Abia

etal., 2017a).

A highly-polluted river basin encompasses all these potential exposure scenarios, whereby the
microbiological quality of Durban South river basin sites (Isipingo and Palmiet Rivers) is of
potential major public health concern. The selected sites in this study are greatly influenced by
anthropogenic activities such as intense agricultural practices and informal settlements
discharging waste into the rivers. These activities result in fecal contamination which pose a
health risk to a significant proportion of the community members, leading to water-borne
diseases and related complications. Thus, the microbiological quality of the Durban South river
basins has important socio-economic consequences and can function as an illustrative example

of what happens in other river catchments.
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In order to detect microbial hazardous events in surface waters it is necessary to carry out some
type of monitoring. Monitoring involves water quality measurements and should be directed at
hazardous events (Bartram and Ballance, 1996). Water quality based on fecal indicator bacteria
differ from one water source to the other. The local eThekwini municipality uses E. coli as an

indicator as well as physiochemical properties of surface water, based on grab samples.

This chapter deals with the main objectives to analyse the historical data in order to get an
understanding of the catchments of interest (Objective 1). E. coli and Enterococci were
monitored in surface water and sediment samples in order to provide an insight on the level of
fecal contamination and indicate the potential presence of waterborne fecal pathogens at the
sampling points of interest (Objective 2 partly and Objective 3). Variability associated with
rainfall and sediment resuspension was evaluated in this study based on events in the presence

and absence of heavy rainfall (Objective 4).

3.2 Methodology
3.2.1 Description of study area
The focus areas in this study was the Isipingo and Palmiet Rivers which are both situated in

the KwaZulu Natal region, in Durban. The Isipingo River is located roughly 20 kilometres
south of the Durban Central Business District (CBD). It is approximately 27 km long (Pillay,
2013). The river surroundings are characterized by informal settlements, formal developments
as well as intensive industrial activities especially around the lower catchment, thus it is greatly

influenced by anthropogenic sources.

The second catchment of interest, the Palmiet River, is a 25-km long catchment that is located
in the northerly peripheral of the city of Durban, KwaZulu-Natal. It was named after the grass-
plant Prionium Serratum known as the Palmiet plant. Palmiet River rises from Fields hill with
another branch starting below Wyebank municipal dump site, and flows through the Pinetown

and New Germany residential and industrial areas of which the latter is a potential pollution
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source. This relatively small catchment then flows through the Quarry road informal

settlements area (which is a major pollution source) just before it joins the Umgeni River under

the M19 bridge. The sampling sites of interest are described below in Table 3.1 and Figure 3.1

(Isipingo River) and Figure 3.2 (Palmiet River).

Table 3.1: Sampling point description, location, and potential pollution influences

3.1

also used for irrigation
purposes by the
community members

Site ID Site location (co- Site description Potential pollution
ordinates) source(s)
Isipingo River

Upstream -29°59°17.8038S” | Surrounded by township | Anthropogenic
WWTP 30°54°21.9630E” | community members activities

Reference site not

illustrated at the Fig

3.1 Map
Next to WWTP | -29°59°19.4784S” | This point is directly Sewage
Site Ain Figure | 30°54°20.9340E” | Nextto WWTP, and Agricultural pesticides

during rain wash off.

Transit camps
Site B in Figure
3.1

-29°59°43.1982S”
30°55°20.8878E”

settlements/Transit
camps

Surrounded by informal

Anthropogenic
activities

River mouth
Site C Figure
3.1

-29°59°39.72788S”
30°57°8.2440E”

This is where the River

joins the Isipingo beach.

Pollution from
upstream, industries

Palmiet River

Methven road

-29°49°7.2228” S
30°54°36.8964” E

Upstream Palmiet
River, surrounded by
suburbs

Reference site not
illustrated at the Fig
3.2 Map

Methven pump station

Upstream QRI

-29°48°16.4304” S

This is where Palmiet

Anthropogenic

Site A Figure 30°57°57.1968” E | River begins to flow activities (from

3.2 through the informal informal settlement)
settlement.

Downstream -29°48°16.218” S This is downstream of | Anthropogenic

QRI 30°58°0.0552” E the informal settlement | activities (from

Site B Figure informal settlement)

3.2

Before Palmiet | -29°48°11.3508” S | This is the point Pollution from the QRI.

River joins 30°58°38.316” E downstream, right

Umgeni River before Palmiet River

Site C Figure joins the Umgeni River.

3.2
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Isipingo River Catchment

Isipingo Wastewater
Treatment works
Source: eThekwini municipality, Noelene Challan 2014

Figure 3.1: An overview of Isipingo River and sampling points

Pictures A, B, C represent the sampling points of interest for this study: A- Next to the WWTP
(river water is used for irrigation), B- Transit camps (part of the river that is surrounded by
informal settlements). C- River mouth (twin pipes that join the Isipingo River to the beach).
The sampling point “Upstream (of WWTP)” is not part of the sampling regime of the
eThekwini Water and Sanitation, therefore it is not represented in the map. However, this
sampling point was considered in this study, in order to determine the impact of the WWTP

(on the river).
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Palmiet River Catchment

Upstream
QRIS

Source: eThekwini municipality, Noelene Challan 2014 Downstream QRIS

Figure 3.2: An overview of the Palmiet River and the sampling sites

Pictures A, B, C represent the sampling points of interest for this study. The main focus is on
the small part of the Palmiet River around the Quarry Road Informal settlements (QRI), which
is represented by the red circle: A-upstream informal settlements, B- Palmiet River flowing in
the middle of the informal settlements, C-Downstream of the settlements (just before the

Palmiet River joins the Umgeni River)

3.2.2 Historical data analysis:
The historical data was analysed by statistically assessing the microbiological quality of surface

water, conducted on the basis of Escherichia coli (E. coli) MPN/100 mL. The values were
obtained from the Municipality (eThekwini Water and Sanitation Department) who used

IDEXX Colilert -18 and the Quanti-Tray Test Method for the enumeration of E. coli at the
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Isipingo River (three sites) and the Palmiet River (six sites) collected over a 66 months period
(January 2009 to June 2014). The sampling points more or less represent those that were
considered for further sampling and analysis within this study. However, the main objective
(Objective 1) of the historical data analysis was to obtain a baseline on both the rivers as well
as to determine areas that needed improvement, such as the addition of sampling points along
the rivers in areas that may pose a risk to human health e.g. QRI settlements. The sequence of
the sampling points do not follow a numerical pattern, but rather they follow the flow of the

river (upstream to downstream).

At the Isipingo River, the three points illustrated in the map were considered, due to the direct
impact on human health within the river. However, other sites monitored by the municipality

such as canals and those that were out of our research focus were not considered.

At the Palmiet River sampling points also followed a pattern at which the river flows from
upstream to downstream (where Palmiet River joins Umgeni River). Below is a detailed
description of each point considered for the historical data analysis and potential pollution

Sources:

e Palmiet 09 at Glenugie Road (Upstream), situated 20.80 km from the end of the Palmiet
River.

e Palmiet 06 at Blair/ Otto Volek Road (18,14 km). This point is also situated next to a
pump station (potential pollution source during overflows and pipe outburst).

e Palmiet 05 is situated at Birdhurst road in Westville urban area. This point is next to
the Birdhurst pump station (potential pollution source during overflows and pipe
outburst).

e Palmiet 08 at Crompton street/Methven (pump station near).
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e Palmiet 01 is located at Varsity Drive bridge. This sampling point is situated
downstream of the other sampling points, but upstream of the Quarry road informal
settlements which is our main focus further for this study.

e Due to the fact that there was no sampling site on the Palmiet River that is situated
within or downstream of the Quarry road informal settlements, the results obtained at
Umgeni 08 sampling point were further analysed, which is situated under the M19

bridge. This is where the Palmiet River joins the Umgeni River.

3.2.3 Bacterial culture
E coli ATCC 35401 and Enterococci faecium ATCC 35667 were procured from

Microbiologics, Inc. USA and used as positive controls in the quantitative determinations.

3.2.4 Sample collection
3.2.4.1 Surface water collection

Surface water and sediment samples were collected along the Isipingo and Palmiet rivers at the
defined eight sites (Table 3.1). Samples were collected bi-monthly on each river over a period
of 12 months (February 2015- February 2017). Surface water grab samples were collected, in
triplicate, 1L sterilized bottles at each site. The containers were rinsed with the water from the
source prior to collection and filled to a certain point, leaving about 30 mm of headspace in
order to allow mixing during laboratory analysis. Surface water samples were collected by
holding the sterilized container by the handle and plunging it 0.5 m below the water surface,
against the water current. In the absence of a current, one had to artificially create it by pushing
the container forward. All samples were protected from direct sunlight and transported on gel
ice packs to the laboratory where it was stored at 4 °C until further analysis (APHA, 2005).

Samples were analysed with 24 hours after collection.
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3.2.4.2 Sediment sample collection
Sediment samples were collected in accordance to Singh et al., (2010) with a sterile stainless-

steel scoop respectively and placed in sterile plastic bags and transported on ice to the
laboratory for further analysis. Each sample represented a composite of 10-20 sub-samples.

Samples were analysed with 24 hours after collection.

3.2.5 Sediment sample preparation
One gram of each sediment sample was transferred to a test tube and suspended in 4 mL of 1x

phosphate-buffered saline (PBS) to obtain a 1:5 (w/v) dilution. Each sample was vortexed for
90 s to disassociate and suspend bacteria from the sediment. Aliquots of the resulting
supernatant for each sample were handled aseptically for further analysis based on site specific
10-fold dilutions (Singh et al., 2010). The further analysis with the Colilert-18 are described

under section 3.2.7 and for spread plate under section 4.2.3.

3.2.6 Physicochemical characteristics of surface water to determine microbial quality of water
Physico-chemical characteristics of surface water at the Isipingo and Palmiet Rivers were

determined in-situ. Temperature (°C), Electrical conductivity (uScm™), total dissolved solids
(TDS; g/L), Dissolved Oxygen (mg/L) of the river water was measured by Y SI model 556 MPS
equipped with multi-parameter sensor 5563 MPS (Yellow Springs, Ohio, USA). This was

deployed at each sampling site in parallel with collection of water and sediment samples.

3.2.7 Enumeration of bacterial indicators: IDEXX Colilert 18 and Enterolert test methods
The presence and absence test as well as enumeration of total coliforms, fecal coliforms, E.

coli, and enterococci were achieved using the IDEXX Colilert 18 and Enterolert test method
for enterococci (according to manufacture instructions). The Colilert-18 reagent (IDEXX
Laboratories) was added to samples decimal diluted with distilled water (final volume 100 mL)
and mixed well to dissolve. The dilution is site specific and sediment samples are diluted
further than the water samples. The mixture was poured into a Quanti-tray/2000 (IDEXX

Laboratories, Westbrook, USA), sealed and incubated at 37°C for 18 hours. The Colilert-18

40



method simultaneously detects total coliforms by counting the number of yellow coloured
wells. This is achieved when coliform bacteria metabolize the nutrient-indicator, giving a
yellow coloration through the action of the enzyme B-galactosidase on ortho-nitrophenyl- B-D-
galactopyranoside (ONPG). Whereas, when E. coli metabolizes a second nutrient-indicator
through B-glucuronidase on 4- methyl-umbelliferyl-B-D-glucuronide (MUG) yellow coloured
wells fluoresce at 365 nm which enables the detection of E. coli. The MPN was then calculated
using the MPN chart provided by IDEXX (IDEXX Laboratories, Westbrook, USA). The
Enterolert was prepared as described above and incubated at 44.5°C for 24 hours. Positive
enterococci were determined by counting the yellow coloured wells were fluorescent at 365

nm, and read against the MPN chart.

3.2.8 Analysis of the effect of rainfall on microbial concentration to address variability over
time

A pilot study was conducted at the Isipingo River, at the sampling point next to the WWTP, to
address the variability in microbial concentrations over a period of 6 hrs, in case of no rainfall
(AS1) and after a heavy rainfall (AS2). An auto-sampler (3700C compact portable sampler,
Teledyne Isco, USA) and a sediment trap (self-designed) was installed (in parallel) for 6 hours
when there was no rainfall (AS1) and after a heavy rainfall event (AS2). Pictures of the auto

sampler and sediment trap are included in Appendix 1 (Figure 6.).

3.2.9 Statistical analysis
All microbiological data were log-transformed to fit a normal distribution. All surface water

and sediment samples were statistically analysed using Microsoft Excel and GraphPad prism:
Log transformation and graphs were conducted on Microsoft excel and GraphPad prism.
ANOVA, Pearson correlation analysis, and unpaired t-tests were performed using GraphPad

prism software with significance set at (a) 0.05.
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3.3 Results
3.3.1 A) Historical data analysis; Isipingo River

6 Next to WWTP (p-value= <0.001)

Downstream (p-value= 0.002)

River mouth (p-value= 0.0072)
E
S m River mouth
2
24 m Downstream
(@)
g ® Nextto
s WWTP
Ll
Wi

2010 2011 2012 2013 2014

Time (Years)

Figure 3.3: E. coli (Log10 MPN/ 100 mL) concentration along the Isipingo River over a period
of 5 years and 6 months (2009-2014)

*P-values represent comparison of yearly means at each sampling site respectively.
*Bars represent +SEM.

The highest significant difference between the years 2009 to 2014 was observed at the sampling
point “Next to the WWTP”. This is the sampling point that had the highest level of E. coli
concentration, and mean range between 3.73 (2010) and 5.65 (2013). The lowest microbial
load was observed at River mouth, with a mean range between 2.60 (2011) and 3.62 (2010)

Log10 MPN/100 mL.
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Table 3.2: Summary statistics of E. coli Log10 MPN/100 mL from Isipingo River (66 months,

2009 -2014)

NEXT TO WWTP 2009 2010| 2011 2012] 2013] 2014
Number of values 11 9 10 4 10 4
Mean 4.69 3.73 3.01 5.05 5.65 4.99
Std. Deviation 0.74 0.67 0.80 0.58 0.16 0.69
Std. Error 0.22 0.22 0.25 0.29 0.05 0.34
DOWNSTREAM

Number of values 12 7 10 10 12 6
Mean 4.65 3.55 3.85 4.65 4.87 4.55
Std. Deviation 0.66 0.69 0.93 0.93 0.49 0.61
Std. Error 0.19 0.26 0.29 0.29 0.14 0.25
RIVER MOUTH

Number of values 12 10 8 9 7 5
Mean 3.41 3.62 2.60 2.81 3.06 2.86
Std. Deviation 0.39 0.42 0.80 0.81 0.64 0.54
Std. Error 0.11 0.13 0.28 0.27 0.24 0.24

Mean £SD and +SEM represent variation amongst yearly means. When the three sampling

points were evaluated for variance, all means were significantly different with the sampling

point upstream having the highest variation (p-value <0.05).
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3.3.1 B) Historical data analysis; Palmiet River

5
P-VALUE >0.05 IN ALL
SAMPLING POINTS OF
INTEREST.
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Time(Years)

H Palmiet 01
B Palmiet 05
M Palmiet 06
H Palmiet 08
H Palmiet 09

B Umngeni
08

Figure 3.4: Comparison of the mean E. coli (Logl0 MPN/100 mL) concentration along the

Palmiet River over a period of 66 months (2009-2014)

* P-value relates to the yearly means at each site. No significant difference was observed in the yearly

means of all the sites (p-value 0.05).
*Bars represent +SEM

Figure 3.4 shows the six sampling sites of interest that are evaluated by the EWS on a monthly

basis. When the six sampling points were evaluated for variance, there was no significant

difference in the means all the sampling points. The year 2010 showed to have the lowest E.

coli concentrations.
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Table 3.3: Summary statistics of E. coli Log10 MPN/100 mL along the Palmiet River (66

months, 2009-2014)

Palmiet 09 2009)| 2010| 2011] 2012| 2013] 2014
Number of values 6 9 12 7 10 7
Mean 3.95 3.28 3.57 3.53 3.17 3.19
Std. Deviation 1.06 0.43 0.84 0.31 0.51 0.64
Std. Error 0.43 0.14 0.24 0.12 0.16 0.24
Palmiet 06

Number of values 7 8 9 10 11 5
Mean 3.62 3.52 3.71 3.64 3.61 3.38
Std. Deviation 0.96 0.56 0.69 0.43 0.71 0.14
Std. Error 0.36 0.20 0.23 0.14 0.21 0.06
Palmiet 05

Number of values 10 7 12 11 11 7
Mean 3.56 3.30 3.70 3.79 3.65 3.49
Std. Deviation 0.79 0.37 0.45 0.91 0.55 0.64
Std. Error 0.25 0.14 0.13 0.27 0.17 0.24
Palmiet 08

Number of values 11 6 10 11 11 7
Mean 3.57 3.46 3.51 3.71 3.69 3.23
Std. Deviation 0.46 0.49 0.79 0.49 0.70 0.40
Std. Error 0.14 0.20 0.25 0.15 0.21 0.15
Palmiet 01

Number of values 9 9 8 11 12 6
Mean 3.08 3.12 3.40 3.58 3.07 3.11
Std. Deviation 0.45 0.38 0.76 0.76 0.33 0.43
Std. Error 0.15 0.13 0.27 0.23 0.09 0.18
Umgeni 08

Number of values 10 8 10 12 11 5
Mean 3.15 3.21 3.65 3.48 3.07 3.26
Std. Deviation 0.42 0.48 1.02 0.59 0.54 0.38
Std. Error 0.13 0.17 0.32 0.17 0.16 0.17

Table 3.3 shows the historical data along the Palmiet river over a 66 months period (209-2014).
Mean +£SD and £SEM represent variation amongst yearly means along the sampling points

along the Palmiet river.
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3.3.2 Physiochemical properties

Table 3.4: Mean physico-chemical parameters of the Isipingo river and Palmiet river

Temp? (°C) SpCond? (uS/cm) TDS? (g/L) DO?2 (mg/L) pH?

Isipingo 242+ 3.5 505+ 6.2 2.04+£ 2.9 4,54+ 0.3 7.3+0.2

Palmiet 22.6+5.2 367+ 32.5 0.24+0.02 6.11+ 1.6 7.4+0.1

a/alues [mean (n =24) +SD] temp: temperature; SpCond: electrical conductivity; TDS: total dissolved
solids; DO: dissolved oxygen

The physico-chemical parameters of the Isipingo and Palmiet Rivers are given in Table 3.4.
The pH value for both rivers was roughly the same at 7.3 and 7.4 respectively for Isipingo river
and Palmiet river respectively. The surface water temperature was also in the same range
Palmiet river 22.6 °C and Isipingo river 24.2 °C. The electrical conductivity and TDS in both

rivers were generally high.

3.3.3 E. coli and Enterococci quantities in Isipingo and Palmiet River’s surface water and
sediment

The highest E. coli concentration found in surface water along the Isipingo River occurred next
to the wastewater treatment plant (WWTP), with concentrations ranging between 4.2 and 6.7
logio MPN/100 mL (mean value 5.0 logio MPN/ 100 mL). High Enterococci concentrations
were observed at the River mouth site, where concentrations ranged between 3.0 - 6.5 log™®
MPN/100 mL (mean value 4.6 logio MPN/100 mL). In sediment samples E. coli mean
concentration was the least Upstream 5.3 log10 MPN/100 mL, and the highest concentration
in river mouth 5.8 logl0 MPN/100 mL. Whereas Enterococci had the lowest means
concentration Upstream 4.7 1og10 MPN/100 mL and the highest Next to the WWTP 5.4 log10
MPN/100 mL. A similar trend was observed in which the values Upstream were the lowest for
both indicators in surface water and sediment samples, but were still above a mean of 10 000

E coli/100 mL as well as for Enterococci (Table 3.5).
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Table 3.5: Indicator organisms in surface water versus sediments at the Isipingo River

Sampling Sites E. coli? Enterococci?
S/WP  Sediments S/WP  Sediments

Upstream 4.7+1.1 5.3+0.9 4.2+1.4 4.7+0.7

Next to WWTP 5.0+£0.9 5.4+0.6 44+1.1 5.4+0.6

Transit camps 4.8+1.0 5.7£0.6 4.3+1.2 49+1.1

River mouth 48+1.1 5.8+0.9 4.6x1.3 5.3+1.4

a/alues [mean log10 MPN/100 mL (n =24) £SD]
bS/W: Surface Water

E.coli and Enterococci concentrations log10 MPN/100 mL were continuously higher than in
sediment samples at all four sampling points. The sampling point Next to WWTP was the most

polluted, and Upstream WWTP was the least contaminated.

Table 3.6: Mean indicator organisms in surface water versus sediments along the Palmiet River

Sampling Sites E. coli? Enterococci®
SIWP Sediments  S/WP Sediments
Methven 3.4+0.9 4.6+1.2 2.8+0.6 3.5+0.3
Upstream QRI® 4.3+0.8 4.7+1.1 4.0+0.9 4.6%1.3
Downstream QRI® 4.7+£0.6 5.9+0.9 4.6£0.5 5.1+0.7

Before Palmiet joins Umgeni River  3.7£0.7 54+1.0 3.5+0.7 4.2+0.7

&\/alues [mean log10 MPN/100 mL (n =24) £SD]

bS/W: Surface Water; ‘QRI: Quarry Road Informal settlements

In surface water samples E. coli mean concentration ranged between 3.4 logio MPN/ 100 mL
(Methven) and 4.7 logio MPN/ 100 mL (Downstream QRI). The Enterococci range was 2.8
logio MPN/ 100 mL (Methven) and 4.6 logio MPN/ 100 mL (Downstream QRI). Comparative

values for sediment samples, for E. coli mean concentration ranged between 4.6 logio MPN/
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100g (Methven) and 5.9 logio MPN/ 100 g (Downstream QRI). The Enterococci range was
between 3.5 logioMPN/ 100 g (Methven) and 5.2 logio MPN/ 100 g (Downstream QRI).
Overall Methven sampling site was the least contaminated, both for E. coli and Enterococci in
surface water and sediment samples, whereas Downstream QRI was consistently the most
polluted with high indicator concentrations in both surface water and sediment samples (Table
3.6). Higher concentrations (1 logio MPN/100 g greater) of E. coli and Enterococci were

found in sediment samples, compared to surface water samples.

3.3.4 Effect of rainfall on microbial concentration to address variability over time
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Figure 3.5: Variability in E. coli and Enterococci concentrations in surface water over the time
span of 6 hrs in case of two events AS1 (no rainfall) and AS2 (after a heavy rainfall) analysed

using an auto sampler (3700C compact portable sampler, Teledyne Isco, USA).
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Microbial level of both indicators (E. coli and Enterococci) were higher in AS2 as compared
to AS1, with a E. coli log difference of +1.5 logio MPN/100 ml between AS1 and AS2. The
same trend was observed for Enterococci, + 0.75 logio MPN/100 mL difference was observed
between AS1 and AS2 (Figure 3.5). E. coli concentrations were more dominant than

Enterococci in both AS1 and AS2 events (Figure 3.5).

7,5 m Autosampler SW (log
7 10 MPN/100 mL)
5 6,5 m Sediment Trap (log
*é 6 10 MPN/100g)
S 55
g 5
2, <1 m
(<5]
= 3,5
AS1 AS2 AS1 AS2

E.coli Enterococci
Indicator organisms

Figure 3.6: Comparison of E. coli and Enterococci concentrations in surface water and
sediments in AS1 (no rainfall) and AS2 (after a heavy rainfall) analysed using auto sampler

and sediment trap.

No significant difference of indicator concentration was observed in surface water over the 6-
hour period as shown in Fig.3.5. Therefore, the mean values were compared with those

obtained in the sediment trap, after 6 hours of installation. A similar trend was observed in AS1
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and AS2 whereby the sediments samples exhibited higher concentrations of both indicators as
opposed to surface water (Figure 3.6). Sediment samples had Enterococci concentrations >1

log compared to surface water in both events (Figure 3.6).

3.4 Discussion
3.4.1 A) Historical data analysis; Isipingo River
Historical data analysis helps researchers to establish existing conditions of a particular

catchment. The historical data represents the routine monitoring which occurs once every
month on the basis of surface water grab samples and results are related to the eThekwini Water
and Sanitation stipulated regulatory framework. In section 3.4.5 variability was examined using
an auto-sampler, which is different from the normal grab sampling. Also, the routine
monitoring of sediment grab samples was analysed with surface water samples in parallel. This

will be discussed in the following section 3.4.3.

When the historical data from the Isipingo River was analysed, a similar pattern was observed
in all three sampling points, whereby the E. coli concentration decreased in 2010 and 2011,
and increased again from 2012 and 2013. A slight decrease was observed again in 2014. The
sampling point Next to WWTP was the most contaminated sampling point out of the 3 points,
followed by the one downstream, throughout the 66 months’ period, while the River mouth
had the lowest level of contamination. The sampling points Next to the WWTP and
Downstream consistently fell above the critical level (>4 Logs) according to EWS limits
throughout the years, except for the years 2010 and 2011 even though it was in a poor state
(between 3.3 — 4 logs) during those 2 years as well. Although these 2 years have the lowest
concentration of E. coli they had the highest amount of variation, compared to the year 2013
which was extremely contaminated at 5.6 Log MPN/100 mL with very little variation (refer to
Table 3.2 for standard deviation). This may be due to heavy rainfalls or unexpected events such

as pipe outburst, WWTP overflows and faulty manholes.
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The sampling point at the River mouth was in a poor state in 2009 and 2010, and thereafter the
E. coli concentrations dropped, falling into the acceptable range from 2011 to 2014. The quality
of the river water was consistently better (at the acceptable range according to the eThekwini
water and sanitation standard limits). Analysis of Variance (ANOVA) was performed amongst
the yearly means at each site. Significant difference was observed at all sites. However, the
highest significant difference was observed at the sampling point Next to the WWTP,
Downstream and at River mouth respectively (p-value= <0.001; 0.002; 0.0072). The high
levels of E. coli at the Isipingo River over the years is due to the impact of its surroundings.
The sampling point next to the WWTP for example is highly influenced by contamination from
the Isipingo wastewater treatment works during planned/unplanned overflows into the river
(which may be due to lack of timely maintenance, faulty equipment and overloaded design
capacity from time to time) as well as occasional pipe outbursts. This poses a major impact on
the health and wellbeing of the community (Genthe et al., 2013, Sibanda et al., 2015) as some
of the people from the surrounding community use the river water for domestic use, as well as
for irrigation purposes for small scale market gardens (the produce is sold in the local
community). It is widely known that using fecal contaminated water can be beneficial as it
provides nutrients for crops thereby saving costs (less need for fertilizers). It has further been
shown that there is a potential health risks associated with the use of fecal contaminated water
for irrigation (Beuchat, 2002, Gemmell and Schmidt, 2012). This creates a subtle balance

where the health concerns outweigh the irrigation benefits.

This interesting topic will further be addressed in chapter 5 whereby the risk of using fecal
contaminated river water for crop irrigation is explored in detail. The sampling point situated
downstream is surrounded by Transit camps/informal settlements, which also serve as a
pollution source particularly due to contamination that is washed off into the river during heavy

rains. The third sampling point of interest situated at the River mouth is situated next to the
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Isipingo beach. The low E. coli concentration as this point could be due to the self-cleansing
of the sea and the back flux of the sea water into to the River mouth, as well as the sensitivity
of E. coli to the high salt content. This was proven by measuring the conductivity values
(extrapolated using conductivity results obtained in Feb 2015 from the municipality) of all 3
sampling points (refer to Appendix 1;Figure ), and it was observed that the sampling point at
River mouth had the highest conductivity value (4.47 uS/cm¢9 which was almost double the

amount of the other two sites (+/- 2.6 uS/cme).

3.4.1 B) Historical data analysis; Palmiet River
It was observed that E. coli concentration was consistently higher in the years 2011 and 2012.

Also, when we looked at the sampling point Palmiet 01 it was consistently low throughout the
years except for the year 2011 and 2012. This could be due to a certain event that could have
occurred during these two years possibly a faulty WWTP/pump station. It could also be as a
result of more rainfall on these two years compared to the other years. When the sites of interest
along the Palmiet River were compared, there was no significant difference between the 6 sites,
hence very little variation was observed (as shown in Figure 3.4). When ANOVA was
performed, no significant difference was observed in the yearly means between all the sights,
with p-value ranges from (0.1995 to 0.9609) over a 66 months’ period. The pollution sources
surrounding the Palmiet River include ablution blocks, pump stations, as well as contaminants
from industries. An interesting observation was that high levels of E. coli were observed on
sampling sites that are situated next to/ near a pump station (Palmiet 05 and Palmiet 06 and
08). This is for obvious reasons such as pipe outbursts, overflows, etc. However, none of the
sites were situated along the Quarry road informal settlements which is a major health risk,

thus this area will be investigated in this study.
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3.4.2 Physiochemical parameters
The two rivers studied (Isipingo and Palmiet Rivers) had high total suspended solids (TDS)

content, considerably higher than the WHO recommended guideline for drinking water of 20
mg/L (WHO, 2003). Although both rivers exceeded the WHO guidelines for TDS, the Isipingo
River had the highest values with relatively higher microbial load than the Palmiet River.
According to (Nagels et al., 2002, Johnson et al., 2010) suspended solids are directly
proportional to the microbial load with high turbidity coinciding with high fecal indicator loads,
in most water bodies depending on the sampling site. This is probably because turbidity may
relate to a variety of factors, for example runoff from surrounding areas (Nkwonta and
Ochieng, 2009). Studies conducted by Bluastein and Pachepsky (2014) showed that
temperature is also one of the most important physiochemical properties that affects the growth
and survival of microorganisms in water. Warmer water temperatures are related to a higher
microbial concentration (Blaustein et al., 2013, Pachepsky et al., 2014). In this investigation,
the water temperature was in the same range and will most probably not influence the microbial
quantities found. The Isipingo is joined by a twin pipe to the sea at River mouth. At this point
the highest conductivity values were observed and relate to the high salt content in the sea

water that mixes with the river water due to back currents.

3.4.3 E. coli and Enterococci quantities in Isipingo and Palmiet River’s surface water and
sediment

As expected, and previously shown (Ishii et al., 2007, Whitman and Nevers, 2003, Abia et al.,
2016a) E. coli and Enterococci were highest in sediment samples. In this study, E. coli and
Enterococci concentrations were routinely +1 Log greater in sediments samples when
compared to surface water samples at all sampling points in both rivers. Similar relationships
were also shown by (Alm et al., 2003, Ishii et al., 2007, Sithebe et al., 2016, Ekwanzala et al.,
2017, Whitman and Nevers, 2003), in comparable studies. Different types and size ranges of

sediments will impact the microbial abundance, where finer sediment particles were found to
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have a positive correlation to higher microorganism populations (Kunkel et al., 2013, Howell
etal., 1996, Gao et al., 2011, Abia et al., 2015a). Particle associated microorganisms may also
survive longer in sediments as compared to surface water, partly due to protection from UV

rays as well as from predators (Kunkel et al., 2013, Liang et al., 2013).

Total coliforms and fecal coliforms were tested in parallel and similar trends found as portrayed
by E. coli and Enterococci. These two indicators were not included since many species in these
groups are normal inhabitants of sediments, plants and decaying organic material. Sampling
point “Next to WWTP” was the most polluted point followed by River mouth and sampling
point situated upstream was the least polluted in both the surface water and sediment samples.
The difference in the microorganism concentrations at the various sampling sites shows an
impacting variation at each site. For example, a higher fecal pollution at the sampling point
next to the WWTP may be due to incidences such as pipe bursts or overflowing of untreated
wastewater into the river, whereas lower concentrations of fecal indicators were observed in
the sampling point upstream. Water at these two sampling points is used for irrigation (this was
observed during the study), although the point upstream has lower fecal pollution compared to
the sampling point situated next to the WWTP. Both points are not suitable for irrigational use
according to the stipulated WHO guidelines: <1,000 Fecal coliforms/100 mL and DWAF <1
E. coli/100 mL (Blumenthal et al., 2000, WHO, 2001). Wastewater effluent is a major factor
that negatively affect the quality of river water in South Africa (Luyt et al., 2012,
Teklehaimanot et al., 2014). Although the sampling point upstream was subjected to pollution
from anthropogenic activities, this was to a more limited extent than sampling point surrounded
by the Transit camps. The sampling point at the River mouth was found to be second most
polluted after the one next to the WWTP, this is because of the additional waste discharged by

industries surrounding this sampling point.
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At the Palmiet River, Methven sampling point continuously showed lower concentration of the
indicator organisms due to cleaner surroundings. The neighborhood where this point is located
is involved in a “River watch” initiative which is conducted by a stakeholder group that exists
in Westville North led by Lee DEathe. Community members monitor undesirable activities
and type of pollution and report it to the municipality. Also, the community members gather
occasionally to clean up the river around the Westville North area. The other three sampling
points are surrounded by the Quarry road informal settlement which is a major pollution source,
especially downstream as this is where most of the pollution find its way and settle. The people
from the informal settlements throw waste into the river as well as feaces and domestic
greywater. Sadly, the residence who are situated far from the ablution blocks sometimes opt to
use this river water for domestic purposes and children play in and along this part of the river.

This poses a major health risk to the community of the Quarry road informal settlements.

3.4.5 Effect of rainfall on microbial concentration to address variability over time
A study conducted by Cha et al. (2010), highlighted that variability in fecal coliform

concentration tends to be positively related to precipitation, hence, an increase in total rainfall
is bound to elevate the microbial contamination levels. This relationship was also evident in a
study conducted by Sithebe et al. (2016) in which E. coli logio MPN/ 100 mL concentrations
were correlated with rainfall events (on the day of sampling) from the Palmiet River. Sithebe
et al. (2016) found a positive trend between E. coli concentrations and rainfall (r= 0.2646 and
p-value = 0.2724) (Figure included in Sithebe et al., 2016) and was verified in this study when
no rainfall and rainfall events were compared.

The elevated levels of E. coli and Enterococci after a heavy rainfall events is potentially due to
contamination from the WWTP as described above, or run-off from surrounding grounds with
their contamination sources. During heavy rains, the river’s flow is increased which results in

sediment resuspension and release of particle bound microorganisms into the surface water
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(Figure 3.6). This increases the microbial level in both the surface water as well in the sediment
trapped. Thus, the overall pollution level is expected to increase, as illustrated from the findings
(Figure 3.5 and Figure 3.6). This is in agreement with findings that rainfall results in
deteriorated microbial quality due to microbial load from non-point sources (Ackerman and
Weisberg, 2003, Martinez et al., 2014, Cha et al., 2010). The use of the auto-sampler (which
takes samples every hour) enabled us to determine whether there was variability over time,
which is often not the case in grab samples. However, the hourly variability was low over the
six hour period. We could not, unfortunately, install the auto sampler and sediment trap over
longer periods due to security reasons. Inclusion of sediment sampling during routine
monitoring of river quality should be considered for the future because reliance on the surface
water alone may be inadequate due to potential rapid microbial water quality changes which is

not reflected to the same degree in the sediment particles.

3.5 Conclusions & Recommendations
The main objective of the historical data analysis was achieved, which was to obtain a baseline

on both the rivers as well as to determine areas that needed improvement, such as the addition
of sampling points along the rivers in areas that may pose a risk to human health e.g. QRI
settlements. The eThekwini municipality should consider sampling points in and around the

Quarry road informal settlement (Palmiet River).

Overall, when the microbial water quality of the Isipingo and Palmiet Rivers were compared,
it was found that the Palmiet had far better water quality than the Isipingo, however both rivers
exceeded the stipulated guidelines as stated in table 2.1 (WHO, 2003, WHO, 2006, DWAF,

19964).
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The presence of high numbers of indicator organisms in sediments of both the Isipingo River
and the Palmiet River indicates that the river receives high loads of fecal pollution, hence there
is a high likelihood of the presence of other pathogens posing a major health risk. Therefore,
there is a need to further investigate the presence of pathogens in surface water and sediments
as well as to use sediment traps in order to assess particle associated microorganisms and
determine the impact and corresponding risks associated with fecal contamination in surface

water (This will be addressed in chapter 5 of this study).

Based on the findings in this study, it is recommended that sediment testing should be
incorporated into the surface water microbial quality monitoring programme conducted by the

municipality monthly on South African rivers.

Seasonal variations have an indirect impact in the abundance of indicator organisms in water
and sediments with the wet season having a greater negative influence on the river water
quality. Therefore, event monitoring programme using auto-samplers over longer time periods
during rainy seasons should be employed in order to better understand this phenomenon and

the linked variability in concentrations and risks.
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CHAPTER 4 : PERFORMANCE OF CONVENTIONAL AND
MOLECULAR METHODS

4.1 Introduction

The accessibility of water resources is essentially linked to water quality. The contamination
of surface waters may prohibit its use for various activities. According to the United Nations
World Water Development Report (WWAP, 2017) in the near future, the deterioration of water
quality is expected to increase especially in developing countries. This will endanger human
health and the environment, while constraining sustainable economic development
(Veolia/IFPRI, 2015). The release of untreated wastewater from fast growing informal
settlements and industries, generates biological, physical and chemical pollution, which has

adverse impact on both human and environmental health (WWAP, 2017)

Therefore, monitoring and reporting of both pollutant discharge to the environment and river
water quality are of utmost importance for achieving progress in relation to water quality
(Murray 2004). According to the United Nations World Water Assessment Programme
(WWAP) report “If something is not measured, the problem cannot be defined and the
effectiveness of policies cannot be assessed” (WWAP, 2017). Indicator bacteria have been used
for many years to determine the quality of water for human consumption, recreational activities
and water for domestic purposes. According to the water quality guidelines, water deemed fit
for domestic purposes should contain Total coliforms <5 CFU/100 mL and no fecal
coliforms/100 mL (DWAF, 1996a). The minimum acceptable limit for South African
recreational waters is <500 CFU/100 mL E. coli and <185/100 mL Enterococci (DWAF,
1996¢). The eThekwini Municipality water and sanitation department use E. coli as a microbial
indicator on surface water of many rivers. Their guidelines stipulate that surface water with E.

coli concentration greater than 3.2 log MPN/100 mL is in a poor state.
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The most commonly used methods to detect fecal indicator bacteria include membrane
filtration (Eckner, 1998, ISO 2000b), using membrane fecal coliform (mFC) agar, most
probable number (MPN) techniques (Wohlsen et al., 2006) and the commercial enzymatic kits

Colilert-18/ Enterolert ISO 9308: 2:2012 ( ISO 2012, Wohlsen et al., 2008).

One objective of this study focuses on comparing two most widely used techniques for the
enumeration of fecal indicator bacteria in surface water (refer to Objective 2). Culture based
techniques such as the membrane filtration or spread plate technique on selective media (agar)
compared to enzyme defined substrate technique (Colilert and Enterolert IDEXX). The
membrane filtration is often used for less turbid samples, and the spread plate technique or
other MPN methods are often used for highly concentrated samples (Murray 2004). Culture
based methods entails initial incubation of samples, assessment of plates for typical colony
morphology, followed by sub culturing presumptive target organisms for confirmation using a
biochemical test, which leads to results in approximately 72h after initial sample analysis
(Buckalew et al., 2006). Also, this type of techniques often require more labour and materials,
and requires a high level of technical proficiency to read, interpret and confirm results (Ahmed
et al., 2012). The enzyme defined substrate techniques however, is easy to use and produces
conclusive results within 18-22h of testing. The Colilert18 and Enterolert methods make use
of a multiple tube technique which is a method that gives the most probable number (MPN) of
cells, and hence replication of samples is already accounted for in the technique. The Colilert-
18 has a detection limit of 1 organism /100 mL of total coliforms/ E. coli concentrations
(IDEXX, 2001) and has been shown by previous studies to have a better 95 % confidence
interval than standard membrane filtration and multiple-tube lactose fermentation techniques
(Valente et al., 2010, Brand and Barnes, 2014, Yakub et al., 2002, Buckalew et al., 2006). The
Colilert-18 works on the basis of two nutrient-indicators, ortho-nitrophenyl galactopyranoside

(ONPG) and 4-methyl-umbelliferyl-glucuronide (MUG). As coliforms grow in Colilert, they
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use enzyme B-galactosidase to metabolize ONPG and change it from colourless to a yellow
colour. E. coli uses B-glucuronidase to metabolize MUG which produces a fluorescent product
under UV light at 366nm (Tortorello, 2003, IDEXX, 2001). Fricker (1997) compared Colilert
to membrane filtration for surface and drinking water samples and found that Colilert detected
more coliforms than membrane filtration but there was no significant difference between
methods for the detection of E. coli (Fricker et al., 1997). The Enterolert also works on the
basis of enzyme activity, like the Colilert-18 method. This method is based on the B-
glucosidase enzyme activity of enterococci to produce methylumbelliferylone from 4-
methylumbelliferyl-B-D-glucoside when incubated at 41°C for 24 hours. Methylumbelliferyl
derivatives are known for their high sensitivity and specificity, non-carcinogenic and easily
detected under UV light (Budnick et al., 1996), thus detection is based on fluorescence at 366

nm (IDEXX).

The application of molecular methods should be considered in the context of quality
management for potable water. The new methods influence epidemiology and outbreak
investigations more than the routine testing of processed drinking water. A number of
molecular approaches such as RFLP (Restriction fragment length Polymorphism), RAPD
(Random Amplification of Polymorphic DNA), FISH (Florescence in situ Hybridization), PCR
(Polymerase Chain Reaction), gPCR (Quantitative PCR) and digital PCR can be used for
pathogen detection but each method has limitations. However, for the fulfilment of the second

objective of this study, gPCR and droplet digital PCR were compared (Objective 2).

Quantitative PCR (gPCR) also known as Real Time PCR, is a fluorescence based detection
format which is more sensitive than conventional PCR. Like PCR, real time PCR works on the
basis of amplification of target DNA to generate multiple copies that can be detected. However,

samples can be analysed in real time with higher specificity, sensitivity, reproducibility and
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wide quantification range. Thus, no Post PCR processing is required. The technique has been
applied to locate non-point sources of pathogen contamination and environmental risk

assessment (Singh et al., 2010, Singh et al., 2016).

Although gPCR is most preferred method for the quantitative enumeration of pathogenic
microbes in complex environmental matrices, there are still drawbacks that often affect the
analysis of results, especially when dealing with complex sample mediums. Some of the
limitations range from specificity of primers targeting a specific group, florescent probes as
well as nucleic acid extraction efficiency. The quality of template nucleic acid and

amplification of DNA are also important factors that affect gPCR analysis.

The application of gPCR in sediment samples is a challenge mainly due to the presence of PCR
inhibitory substances (Sidstedt et al., 2015). Even a small quantity of PCR inhibitors can delay
the Cq (threshold Cycles) of complex sample in qPCR, causing erroneously low estimates of
the template copy number (Sidstedt et al., 2015). However, the water emulsion technology
based droplet digital PCR (ddPCR), has emerged as a direct quantitative method with the
potential of overcoming the inhibitory effects, affecting qPCR (Hindson et al., 2011). An
additional advantage with ddPCR over qPCR is to enable the absolute quantification of DNA
concentrations without external calibrators (Hindson et al., 2011, Pinheiro et al., 2012). In
digital PCR, the sample is subjected to partitioning into hundreds to millions of individual
reaction chambers (depending up on the digital PCR platform) prior to the PCR cycles, so that
each contains one or no copies of the sequence of interest (Baker, 2012, McDermott et al.,
2013). The partitioning of the sample into multiple droplets (in the case of ddPCR) substantially
reduce the susceptibility to PCR inhibitors present in the extracted DNA (Morisset et al., 2013).
Recent studies have demonstrated the accuracy and precision of ddPCR in the quantitative

detection of bacteria and viruses in clinical samples (Kim et al., 2014, Lui and Tan, 2014, Racki
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et al., 2014, Devonshire et al., 2015, Zhao et al., 2015) but its environmental application for

the detection of, for example, Salmonella has so far not widely done,

Therefore, in accordance with Objective 2, conventional standard membrane filtration

methods were explored using chromogenic/fluorogenic and non-chromogenic media in

comparison to the enzymatic Colilert-18 and Enterolert (IDEXX) test methods along the

Isipingo and Palmiet Rivers. In addition, for Objective 2 a comparison of the analytical

performance of ddPCR and gPCR for the detection of Salmonella targeting ttr gene in river

sediment samples collected from four sites of the Palmiet River in Durban, South Africa was

included.

4.2 Methodology
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Figure 4.1: Graphical representation of the comparison of conventional and enzyme based

methods for detection of E. coli and Enterococci.
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4.2a Methodology for comparison of Conventional methods with Colilert-18 and
Enterolert method

4.2.1a Description of study area
The area of study was as described in Chapter 3: section 3.2.1

4.2.2a Sample collection

Surface water and sediment samples were collected and stored as described in Chapter 3:
section 3.2.4

Isolation and cultivation of target bacterial indicators from sediments was Preparation of

sediment samples were conducted as described in Chapter 3: Section 3.2.5

4.2.3a Enumeration of bacterial indicators using method 1 (Membrane filtration (MF) / spread
plate method)

Enumeration of E. coli and Enterococci were analysed using the conventional membrane
filtration (MF) / spread plate method according to international standard methods (APHA,
2005, Buckalew et al., 2006). Selective media was prepared according to manufacturer’s
instruction in 90 mm petri plates. Appropriate serial dilutions ranging from 10! to 10° of the
surface water samples were prepared with sterile distilled water prior to filtration where 100
mL samples from the series dilution were vacuum filtered through 0.45 um pore size (47 mm)
GN-6 Metricel membrane filters (Merk Millipore, USA). The filters were transferred on to 90
mm petri plates containing the specified selective media as described in Table 4.1.The
Brilliance E. coli/Coliform Agar and Slanetz& Bartley media were procured from Thermo
Scientific Oxoid™. Membrane filtration agar was procured from Merk Millipore, USA.
Autoclaved distilled water was used as blank sample during the MF technique to ensure the
quality of dilution. After the incubation period, all the typical colonies for indicator bacteria
according to standard protocol that grew on the filters were recorded as presumptive counts for
the estimation of colony forming units per 100 millilitre (CFU/100 mL), which was calculated

using the following equation: (APHA 2005)
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number of colonies x 100

CFU/100mL = X dilution factor

sample volume

For highly concentrated/ turbid samples, the spread plate method was also used. Whereby
appropriate serial dilutions ranging from 10! to 10° of the surface water samples occurred,
dilutions were prepared with sterile distilled water, and 0.1 mL of the respective dilution was
inoculated and spread on the appropriate selective media in triplicate (as described in Table
4.1). After the incubation period, presumptive counts were recorded and colony forming units

per 100 millilitre (CFU/ 100 mL) was determined using the following equation:

number of colonies X dilution factor
CFU/100mL = X 100
sample volume

Table 4.1: Selective media and incubation conditions used for the detection and enumeration
of indicator organisms retrieved from Isipingo and Palmiet Rivers

Indicator organism  Selective media Incubation Presumptive
parameters colonies

E. coli Brilliance E. coli/Coliform Agar 24 hrs at 37 °C Purple
Fecal coliforms M-FC agar 24 hrs at 44.5 °C Blue to dark blue
(FC)/ E. coli
Intestinal Slanetz& Bartley 4 hrs at 35°C Red or maroon
Enterococci (I1E) 44 hrs at 45°C

Bile Esculin Azide 18-24 hrs at 35°C Brown

4.2.4a Enumeration of bacterial indicators using method 2 (Colilert and Enterolert IDEXX
method)

E. coli and Enterococci was enumerated using the Colilert and Enterolert method respectively,
as described in Chapter 3: section 3.2.7.

4.2.5a Statistical analysis
Data was analysed using GraphPad prism software and Microsoft excel.
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4.3a Results

Table 4.2: Mean £SD comparison of conventional method vs Colilert-18/ Enterolert (IDEXX)
method along Isipingo and Palmiet Rivers

Indicator organisms Isipingo River (N=20) Palmiet River (N=16)
(Log MPN/100 mL)

3E. coli -1 4.46 £1.01 3.91+1.0

°E. coli -2 4.95+1.0 4.07 £0.8
4Enterococci-1 429 +£1.0 3.87 1.1
PEnterococci -2 456 +1.1 3.85+0.9

Isipingo River, n=20; Palmiet River n=16
4Conventional method (Membrane filtration/Brilliance E. coli agar) is represented as method 1

bColilert-18/ Enterolert (IDEXX) method is represented as method 2

Comparative data is presented in

Table 4.2. 1t is evident that the MPN/Colilert-18 and Enterolert method (2) continuously
yielded higher microbial means compared to the conventional culture plate method (1). Results
from the Isipingo River showed that the log difference between the E. coli indicator using
method 1 and method 2 was 0.49 Log MPN /100 mL and 0.27 Log MPN /100 mL for the
Enterococci indicator between the two methods. A similar trend was observed in results
obtained from the Palmiet River, where E. coli and Enterococci mean differences between the
two methods was 0.16 Log MPN /100 mL and 0.02 Log MPN /100 mL respectively. No
statistical significant difference was observed between the method 1 and 2 (p-value >0.05) for

both E. coli and Enterococci tests.
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Table 4.3: Unpaired t-test results obtained when comparing different methods.

Method/media Isipingo River (p-value) Palmiet River (p-value)
mFC vs CM1046 0.0202* 0.0481*

mFC vs Colilert-18 0.0006*** 0.0135*

CM1046 vs Colilert-18 0.0711 0.3141

*indicates level of significance (a#=0.05); CM1046 -Brilliance E. coli/coliform selective agar

Unpaired t-test results showed the highest significance difference between the means of E. coli
obtained using mFC agar and Colilert-18 (with greater sensitivity demonstrated by the Colilert-
18 method) in both rivers; Isipingo (p-value= 0.0006) and Palmiet (p-value= 0.0135).
Significant difference was also demonstrated between mFC and CM1046 (Table 4.3), the latter
showing greater sensitivity. There was no significant difference in E. coli means obtained using

CM1046 verses Colilert-18 method, in both the Isipingo and Palmiet rivers (p-value >0.05).

4.4a Discussion
Analyzing surface water can be a challenge since the level of background microflora can vary.

Therefore, it is important that the method/ culture medium used for surface water quality is
sufficiently selective. In this study CM1046 Brilliance E. coli /coliform selective agar, mFC
agar and Colilert-18 were used for the enumeration of E. coli in parallel testing of surface water
samples. For the enumeration of Enterococci, Slanetz & Bartley agar / Bile Esculin Azide agar

method and Enterolert test methods were used.

Although the methods were determined as ‘different’ (
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Table 4.2), there was no statistical significant difference between the two methods (membrane

filtration vs enzyme activity methods). Unpaired t-test (95% CI) results (Table 4.3) obtained in

Indicator organisms Isipingo River (N=20) Palmiet River (N=16)
(Log MPN/100 mL)

ag. coli -1 4.46 +1.01 3.91+1.0

bE. coli -2 4.95+1.0 4.07 +0.8
aEnterococci-1 429+1.0 3.87+1.1
bEnterococci -2 456 +1.1 3.85+0.9

a comparison of E. coli mean values from CM1046 Brilliance E. coli/Coliform chromogenic

media and Colilert-18 (IDEXX)

showed that there was no significant statistical difference between the means (mean +SD

shown in

Table 4.2, (p-value>0.05). No statistical difference was observed between the sampling sites
either. When Enterococci was enumerated with (CM0377 Slanetz & Bartley medium) verses

Enterolert (as shown in

Table 4.2), no significant difference was observed (p-value>0.05). The same trend was
observed in both the Isipingo and Palmiet Rivers. This is because the media used for both the
membrane filtration and the IDEXX Colilert and Enterolert is chromogenic and therefore
detects enzyme activity. CM1046 Brilliance E. coli/Coliform agar contains the chromogenic
agent X-Glu that detects pB-glucuronidase activity in E. coli bacteria. The Colilert-18 contains
the substrate methylumbelliferyl-B-glucuronide (MUG), however, E. coli has the ability to
cleave methylumbelliferyl-p-glucuronide (MUG), resulting in the formation of the fluorescent

product 4- methylumbelliferone within 18 hours (Eckner, 1998). Other researchers also found
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that Colilert and CM1046 agar were equally sensitive in detecting E. coli, although slightly
higher E. coli counts were detected with Colilert-18. Wohlsen (2006) found that Colilert-18
produced the most consistent results with the lowest coefficient of variation for total coliforms
and E. coli. Some of the studies about the comparison of the methods in relation to the
enumeration of Enterococci were reported by Budnick et al., 1996, Adcock and Saint, 2001,
Yakub et al., 2002, Valente et al., 2010, Abbott et al., 1998. Budnick (1996) concluded that the
standard method of membrane filtration and the Enterolert method were equivalent for a
confidence interval of 95% (Budnick et al., 1996). This was in agreement with the results
obtained in this study, whereby there was no statistical significance difference between the
conventional membrane filtration and Enterolert methods in both the Isipingo and Palmiet

Rivers.

Thermotolerant E. coli enumerated with mFC agar was compared with CM1046 Brilliance E.
coli/coliform selective agar and Colilert IDEXX using an unpaired t-test (Table 4.3).
Significant difference was observed when mFC results were compared with the two
chromogenic media/methods, with greater sensitivity demonstrated by the chromogenic media
(CM1046 Brilliance E. coli/ Coliform agar and Colilert-18), in both the Isipingo and Palmiet
river sites. Overall the highest significant difference was observed between mFC and Colilert-

18 at the Isipingo River (p-value = 0.0006).

The sensitivity and specificity of different chromogenic media was found similar whereby
several chromogenic agars, including chromogenic E. coli/ coliform medium (Oxoid), reported
higher coliform counts than lactose fermentation methods (Wohlsen et al., 2008; Wohlsen,
2011). According to Clark (1991), this is because mFC agar underestimates the true levels of
E. coli present. Significantly higher E. coli concentrations were detected in media containing

MUG than with the mFC method in natural and drinking waters (Fricker et al., 1997, Eckner,
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1998, Schets et al., 2011, Wohlsen, 2011, Valente et al., 2010). The Colilert-18 procedure
generally yields a higher number of E. coli when compared with the membrane filtration
method. Differences in the culture media, as well as in the substrate used by both procedures,
can lead to the detection of different species within the coliform group, which can account for
this different result obtained (Valente et al., 2010). A discrepancy between the numbers
estimated by Colilert-18 and membrane filtration was found, with Colilert-18 having higher
mean values (Chao et al., 2003, Chao, 2006, Pisciotta et al., 2002, Valente et al., 2010). This
is because, as mentioned above, chromogenic media detects enzyme activity and therefore
there is a probability that higher counts may be obtained with these methods (CM1046 and
colilert-18) when compared with data obtained by traditional lactose fermentation methods

such as membrane filtration method using mFC agar (Wobhlsen et al., 2008).

Analysis of microbial indicators by an enzymatic analysis in which chromogenic/ fluorogenic
substrates are used has several advantages over normal conventional methods. The most
important advantage is the public health benefit of shortened analysis and response times
should microbial indicators be present in the water (hence the short incubation period).
Furthermore, the total time needed to accomplish the analysis is reduced to 18-24 hours, and
the confirmation step for E. coli/ Enterococci (Enterolert) is not necessary. The elimination of
the confirmation steps of traditional methods saves approximately 48 hours and eliminates the
need to either act on presumptive, non-differentiated results or delay action in situations where
remedial action is required. Also, the use of Colilert-18 e.g. allows testing with one medium

that contains two substrates in order to detect both coliforms and E. coli.

4.5a Conclusion & Recommendations
Overall it can be concluded that the use of chromogenic/fluorogenic media yields higher

results. Therefore, these methods are suitable for the detection and enumeration of microbial

indicators in surface waters, with Colilert-18 as the best for E. coli detection and Enterolert for
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enterococci detection, because of the advantages that they have over normal conventional

methods.

A partial confirmation step when using the Colilert-18 method has been recommended in order
to eliminate uncertainties with regards to false positive and false negative results (Pisciotta et
al., 2002). Pathogen detection is also highly recommended since the indicator organisms where
present in relatively high numbers. This will be addressed in the second section of this study
whereby a onetime pilot study was conducted along the Quarry road informal settlement at the
Palmiet River, in order to compare the gPCR and ddPCR molecular methods for the

quantification of the ttr gene targeting Salmonella in sediment samples.
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4.2b Methodology for pilot study conducted using gPCR and ddPCR for the detection of
Salmonella in sediment samples.

Results have been published in: Comparison of droplet digital PCR and quantitative PCR for

the detection of Salmonella in sediments (refer to Appendix 3)

4.2.1b Sampling sites description
Four sampling sites were considered around the Quarry road informal settlements (as described

in Figure 4.2). Sediment samples were collected and process for analysis as described in

chapter 3 (section 3.2.2 and 3.2.4)

‘_ . @1 bridge
e W Palmiet river

/

Durban, South
Africa

Site# 4

Site# 1. Upstream site of informal settlements
Site# 2. Start of informal settlements
Site# 3. Downstream of Palmiet river
(within informal settlements)
Site# 4. Downstream of Palmiet river
(end of informal settlements)

Map not to scale

Figure 4.2: Graphical representation of the sampling sites selected for the pilot study
conducted at the Palmiet River.

4.2.2b Bacterial strain and oligonucleotides
Salmonella enterica serovar enteritidis ATCC 13076 was procured from Microbiologics Inc,

USA. The primers (forward ttr6, 5’-CTCACCAGGAGATTACAACATGG-3’, position 4287-
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4309 bp; reverse ttr4, 5> -AGCTCAGACCAAAAGTGACCATC-3’ position 4359-4381 bp;
product length 95 bp) specific for the ttr gene targeting Salmonella were adopted from Malorny
etal. (2004). The primers used in this study were synthesized by Integrated DNA Technologies,

USA.

4.2.3b Comparison of sensitivity of gPCR and ddPCR in spiked water sample
4.2.3.1b gPCR: Generation of standard curve and sensitivity analysis in spiked water samples
The qPCR standard curve was generated according to Jyoti et al. (2011). Briefly, S. enteritidis

ATCC 13076 was grown at 37+1 °C for 16 h in Luria-Bertani (LB) broth to an optical density
of 0.8 at 600 nm (approximatelyl0° CFU /mL). The viable counts and the concentration
(CFU/mL) of cells in the culture were determined according to Jyoti et al. (2011). Genomic
DNA was extracted using the QlAamp DNA Mini Kit (QIAGEN, USA) as per manufacturer's
instructions. The quantity and quality of extracted DNA was measured at 260/280 nm with a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DC, USA). The total
number of Salmonella genomic copies (GC) in purified DNA was calculated as follows: m =n
(1.013x107% g/bp), where m is the mass and n is the number of base pairs. The standard curve
for the target gene was generated from the purified DNA extracted from the reference strain
(S. enteritidis ATCC 13076) in the concentration range of 2- 2X10° GC/PCR. The gPCR assay
was performed using CFX96 Touch™ Real-Time PCR Detection System (BIO-RAD,
Hercules, CA, USA). Briefly, the reaction mixture contained Maxima SYBR Green/ROX
gPCR Master Mix (12.5 pL), primers (0.4 uM each, 1 pL each) and 5 uL DNA template (2 to

2x10° GC per PCR) in a final volume of 25 pL.

A mixture of all gPCR reagents containing 5 pL sterile Milli-Q® (Millipore, Billerica, MA,
USA) water instead of DNA template in each gPCR assay served as a negative control. g°CR
amplification protocol for the targeted genes consists of initial denaturation for 5 min at 95°C,

followed by 45 cycles of three steps consisting of 10 seconds at 95°C, 20 seconds at 54°C and
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20°C sec at 72°C. The fluorescence signals were measured at the end of each extension step.
The standard curve was automatically generated by the CFX Manager™ Software v3.1. The
sample concentrations were calculated from the generated standard curve. The sample was

considered negative if the fluorescent signal did not increase within 45 cycles.

4.2.3.2b Droplet digital PCR: Sensitivity analysis in spiked water samples

S.enteritidis ATCC 13076 exhibiting ttr gene was grown in LB broth for 16 h at 37+1°C
(optical density 0.8 at 600 nm). The viable counts (CFU mL™) of cell suspension were
determined as stated in the above section. A serial 10- fold diluted culture (20 to 2x10* CFU
mL1to get 2 to 2x10° GC/PCR) was spiked, in triplicate, to 10 mL sterile Milli-Q® (Millipore,
Billerica, MA, USA) water. DNA template was prepared from one mL spiked samples by
extracting genomic DNA using the Ql1Aamp DNA Mini Kit (Qiagen, Hilden, Germany) as per
manufacturer's instructions. The 5 L of extracted DNA (range of 2 to 2x10® GC/PCR) was
used as template in droplet digital PCR for the detection and quantitative enumeration of

Salmonella.

Droplet digital PCR was performed on the BioRad QX200 droplet digital PCR system (Bio-
Rad Laboratories, CA, and USA). Briefly, ttr gene copies (2 to 2x10° copies) were added with
primers and Qx200™ ddPCR™ Evagreen Supermix (Bio-Rad Laboratories, CA, USA) to the
reaction mixture in a final volume of 20 pL in accordance with the manufacturer’s instructions
(Bio-Rad Laboratories, CA, USA). The reaction mixture was then processed with 70 pL of
droplet generation oil (Bio-Rad Laboratories, CA, USA) using the droplet generator (Bio-Rad
Laboratories, CA, USA). The droplets generated were then transferred into a 96 well plate
(BioRad, USA) and PCR amplification was performed with a thermal profile of denaturation
at 95°C for 5 min, followed by 40 cycles at 94°C for 30s, 54° C for 1 min, 4°C for 5 min, 90°C

for 5 min on a T100 thermal cycler (Bio-Rad Laboratories, CA, USA). Finally, the plate was
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loaded onto the droplet reader (Bio-Rad Laboratories, CA, USA) and the data was generated

and analysed using the Quanta Soft analysis software (Bio-Rad Laboratories, CA, USA).

4.2.3.3b Comparison of gPCR and ddPCR performance for quantitative enumeration of
Salmonella spp., in sediment samples

For culture-free detection and quantitative enumeration of Salmonella spp., in riverine
environment, sediments samples were collected in triplicate in sterile bags from four sites of

Palmiet River (Figure 4.2) and transported on ice to the laboratory for further analysis.

DNA was extracted from 1g of sediments by PowerSoil® DNA Isolation Kit (Mo Bio,
Laboratories) according to manufacturer’s protocol. The extracted DNA (5 pL) was used as
template in gPCR assays and ddPCR as described above. Quantitative enumeration of
Salmonella in sediment samples by gPCR was carried out using standard curve prepared by
10-fold diluted genomic DNA of S. enteritidis ATCC 13076 (from 2 to 2X10% GC/PCR) while
in ddPCR DNA extracted was directly subjected to droplet generation followed by PCR
amplification to detect copies/pL of reaction mixture. The schematic representation of the

developed strategy has been depicted below (Figure 4.3).
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Figure 4.3: Schematic representation of the strategy adopted to compare qPCR and ddPCR

4.3b Results of comparison of q°PCR and ddPCR

Table 4.4: Quantitative analysis of Salmonella through ttr gene based gPCR in water samples
spiked with serially diluted culture of Salmonella enteritidis ATCC 13067

ttr GC/PCR Detection and quantitative enumeration of Salmonella spp.

in spiked water samples

Threshold

Cycles(Cr)?
No. of Salmonella Genomic DNAP Salmonella enteritidis ATCC
GC/PCR 13067°¢
2X106 16.01+0.51 16.73+0.63
2X10° 19.32+0.63 20.40+0.71
2X10* 22.79+0.78 23.66+0.73
2X103 26.37+1.08 26.99+0.71
2X102 29.69+0.89 30.78+0.69
20 33.45+1.21 34.88+1.28
2 Not detected Not detected
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2V/alues are represented as mean Cr values (n= 3) £ SD

10 fold Standard curve generated by dilution of genomic DNA extracted from reference strain
Salmonella enteritidis ATCC13067 (optical density 0.8 at 600nm).

°A serial 10-fold diluted culture of Salmonella enteritidis ATCC 13067 (200 to 2x10® CFU/mL to get 2
to 2x108 GC/PCR in 25uL qPCR reaction) was spiked, in triplicate, to 10 mL sterile Milli-Q® water

For the generation of the standard curve, a 10-fold diluted genomic DNA (2 to 2X10° GC/PCR)
of S. enteritidis ATCC 13076 was subjected to amplification by SYBR Green based gPCR.
The assay could detect and quantify 20 GC of the reference strain per PCR without any pre-
enrichment Table 4.4. Quantitative PCR was found to be capable of rapidly detecting 2X10’
down to 20 CFU/ PCR in water samples spiked with the reference organism (S. enteritidis
ATCC 13076) thus the gPCR assay was found to be sensitive. It can be assumed that one gene

copy is present per cell of bacteria Singh et al., 2016.

Table 4.5: Quantitative analysis of Salmonella through ttr gene based ddPCR gene in water
samples spiked with serially diluted culture of Salmonella enteritidis ATCC 13067.

log Starting quantity® log positive Counts®
(logio GC/PCR)

(logio GC/PCR)

3.30 3.32

2.30 2.29

1.30 1.25

0.30 0.29

d10fold serially diluted genomic DNA (from 2 to 2x10° GC/PCR) of Salmonella enteritidis ATCC
13067; represented as mean value (n=3).

éQuantities recovered (CFU/PCR reaction) in ddPCR from water samples spiked with serially diluted
culture of Salmonella enteritidis ATCC 13067 ranging from 2 to 2x10°® GC/reaction; represented as
mean value (n=3).

Droplet digital PCR was able to detect as low as 10g100.29 GC/PCR (2 GC/PCR) Salmonella

with DNA extracted from water samples spiked with pure culture of Salmonella enteritidis
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ATCC 13076. The results obtained were in concurrence to the limit of detection observed with
10-fold serially diluted genomic DNA (2 to 2x10° GC/PCR) of reference strain Salmonella

enteritidis ATCC 13067 (as shown in Table 4.5).

Table 4.6: Comparison of qPCR and ddPCR performances in sediments samples collected
from upstream and downstream of Quarry road informal settlements in Palmiet River

Sampling Sites' Salmonella® Salmonella’
ttr GC/g in gPCR ttr GC/g in ddPCR
Site#1 59+ 14 65+ 0.77
Site#2 355+ 30 852+35
Site#3 255+ 37 818+30
Site#4 75+ 5.0 341+ 31

fSampling sites in Palmiet River, selected to collect sediment samples: Site#1: Upstream of Informal
settlements, Site#2: Start of Informal settlements, Site#3: Downstream of Palmiet River, within
informal settlements, Site #4; Downstream of Palmiet River (end of informal settlements)

%Value represented (n=3) £SD

Higher values of the Salmonella ttr GC/g were found using the ddPCR compared to the gPCR technique
(in all four sites). Values obtained in gPCR ranged between 59+ 1.4 and 355+ 30 Salmonella ttr GC/g
whereas in ddPRC values ranged between 65+ 0.77 and 818+30 Salmonella ttr GC/g.

4.4b Discussion
The performance of both gPCR and ddPCR targeting ttr gene to detect Salmonella, was

analysed in water samples spiked with a tenfold serially diluted culture of S. enteritidis ATCC
13076. Overall, the expected copy numbers measured from both the methods (qgPCR and
ddPCR) showed good linear regression correlation coefficients (R?) values of 0.999 and 0.994,

respectively in spiked water samples (Table 4.4 & Table 4.5).

The performance of ddPCR was further analysed to detect targeted bacteria in sediment

samples collected from Palmiet River sites around Quarry road informal settlements in Durban
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and subsequently compared with the qPCR (Figure 4.3). The sensitivity and linear range of
ddPCR were comparable to those of qPCR in the case of spiked water samples (Table 4.4 &
Table 4.5) but significantly produced higher results (GC/g) in the case of sediment samples
(Table 4.6). This is probably due to the droplet partitioning in ddPCR, where, the whole PCR
reaction is split into 20,000 droplets in which ideally each droplet contains 1 or less copies of

targeted DNA, effectively reducing the effect of PCR inhibitors (Baker, 2012).

The first site was located upstream of the informal settlements at Quarry road and the quantities
of Salmonella was expected to be lower as compared to the downstream sites, due to less
anthropogenic activities (Figure 4.2). The sediments collected from the other three sites
exhibited high numbers of Salmonella as compared to the upstream site 1 (Table 4.6). The
Salmonella load was found to be significantly different in both g°PCR and ddPCR for sites
located at the start, within and at the end of the Quarry road informal settlements (p value=
0.0025, unpaired‘t’ test) (Table 4.6). Site#2, the point at which the informal settlements start,
ddPCR gave 852+35 Salmonella GC/g of sediment whereas the corresponding gPCR result
was 355+29.6 GC/g (p< 0.0001). The Salmonella load was found to be 818+29.6 and 255+
36.6 GC/g in ddPCR and qPCR respectively (difference was statistically significant, p<

0.0001) at the site located within the informal settlement (Table 4.6).

The Salmonella numbers in the downstream site of the Palmiet River (at the end of informal
settlements) was found to be 341+30.9 and 75+ 4.7 GC/g of sediment in ddPCR and gPCR
respectively (p< 0.0001). The higher values in the sites within and downstream of the informal
settlements is in agreement with the previous chapters. This is potentially due to the direct
discharge of wastes into to the river streams from the community members as well as run off
that is washed off into the river. The presence of significantly higher amount of Salmonella in

the sediments of the Palmiet River gives an indication of a higher likelihood of presence of
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other pathogens as well, and may pose a serious health risk to the inhabitant of the informal

settlements and downstream localities.

One stated limitation of ddPCR in comparison to qPCR is the need to perform dilution of the
samples as concentrations above 75,000 copies of the target molecules lead to a significant loss
of linearity at high (Hayden et al., 2013). This was also evident in our results. The digital
droplet PCR showed higher variability and less good precision at the higher concentrations
(2x10° or 2X10% while gPCR performed well at these higher concentrations. In order to
overcome this problem, the ddPCR was performed on DNA standards ranging from 2.0X 10°

ttr gene copies to 2.0X 10°ttr gene copies (Table 4.6).

4.5b Conclusion
Droplet digital PCR may provide an opportunity to reduce the inhibitory effects of PCR

inhibitors experienced with qPCR, but the methodology need to be further optimized for
complex environmental samples. In conclusion, for this first comparison related to Salmonella
and sediment samples, ddPCR is fully amenable for the quantification of Salmonella and offer
robust, accurate, high-throughput, affordable and more sensitive quantitation than qPCR of

pathogens related to this type of environmental samples.
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CHAPTER 5: COMPARATIVE ASSESSMENT OF RISKS
ASSOCIATED WITH FECAL CONTAMINATION IN SURFACE
WATERS AND ON IRRIGATED CROPS

5.1 Introduction

In developing countries, including South Africa, water scarcity is a major concern, which
ultimately affects the quality of drinking water sources (Abia et al., 2016b). The quality of
South African rivers is highly compromised due to pollution from anthropogenic activities
(Nkwonta and Ochieng, 2009). Chemical pollutants such as antibiotics or heavy metals (Bunzel
et al., 2013, Hamed et al., 2013); as well as pathogenic microorganisms (Tyrrel and Quinton,
2003, Economou et al., 2013, Jacob et al., 2015) find their way into the water catchments which

constitute a major health risk through different types of human exposure.

In South Africa, indicator organisms (Total coliform and E. coli) are currently used for
monitoring drinking water, surface water resources as well as the efficiency of wastewater
treatment facilities. These indicators are useful for determining the quality of potable water,
shellfish harvesting waters, and recreational waters (Field and Samadpour, 2007). However,
the reliance on these indicators alone as the main information source of microbial quality in
relation to the safety for public health is under review in many authorities (Fewtrell and
Bartram, 2001). Although coliforms are used in many countries as a monitoring tool for the
microbiological quality of water; water-borne disease outbreaks have been reported from water
fulfilling the coliform standard limits (Medema et al., 2003). Also, low correlations between
the presence of pathogens and low sensitivity of the detection methods have been reported

(Savichtcheva and Okabe, 2006).

Alternatively, the major health risk associated with the exposure to pathogenic microorganisms
in the water bodies can be measured through epidemiological studies (Wade et al., 2006, Mara
et al., 2007, Pruss, 1998) or presumptively assessed by the quantitative microbial risk

assessment (QMRA) tool (Ashbolt et al., 2010, Soller et al., 2010).

80



The QMRA tool is very important especially in developing countries where rural and peri-
urban communities still rely on surface water bodies for their daily needs. In these countries,
polluted surface waters are sometimes used as the only direct sources of water for drinking,
domestic purposes and irrigation, usually without prior treatment (Gemmell and Schmidt,
2013; Teklehaimanot et al., 2014). Unlike in the developed countries where QMRA is mostly
associated to recreational activities involving accidental ingestion of polluted water (Schoen
and Ashbolt, 2010), the risk in developing countries is usually higher due to the direct
consumption of the polluted waters (Sibanda et al., 2013). Studies have been conducted to
assess human health risk due to microbial pollution in some South African rivers (Abia et al.,

2016b, Chigor et al., 2014, Steyn et al., 2004, Abia et al., 2017b).

According to the WHO (Blumenthal et al., 2000), lack of resources for effective wastewater
treatment in most developing countries have contributed to large volumes of wastewater
remaining untreated especially in urban areas. Hence, large amounts of untreated wastewater

end up being used by farmers for crop production (Qadir et al., 2010).

The use of wastewater for irrigation is either direct or indirect. The direct use of wastewater is
largely in and around large cities in developing countries whereas the indirect use of
wastewater involves the discharge into other water bodies such as rivers, streams and canals as
irrigation water for farmers. For example, at the Isipingo river the surface water next to the
WWTP is used to irrigate small scale market gardens (the produce is sold in the local
community) and subsistence gardens by the community members in the surrounding area.
Irrigation is conducted manually using plastic containers or buckets directly onto the produce.
This potentially puts the members of the community at risk of being exposed to water-borne

diseases. Both subsistence and commercial farmers potentially reduce the microbiological
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quality and safety of fresh produce by using fecally contaminated water for irrigation (Qadir et

al., 2010, Crush et al., 2011, Mara et al., 2007, Dickin et al., 2016).

Although it is widely known that using fecal contaminated water can be beneficial as it provides
vital plant nutrients including phosphorus (Obuobie et al., 2006) and cost savings due to the
reduced need for use of fertilizers the potential health risks associated with its use is a major
concern (Amoah et al., 2007). According to a study conducted by Beuchat, (2002), cited by
Gemmell and Schmidt, (2012), sufficient evidence exist that the presence of defecated
pathogens found on the surface of vegetables irrigated with water containing fecal matter
contamination. Many years ago, it was established that microorganisms (bacteria, viruses,
protozoa and helminths) can survive for days, weeks or even months on crops irrigated with
microbial contaminated wastewater (Rose and Clark, 1986). The presence of pathogens in
wastewater and receiving water bodies is therefore a serious concern especially if used for
irrigating minimally processed crops such as lettuce, spinach and parsley (Mrayyan, 2005;

Agyei and Ensink, 2016).

All pathogens of viral, bacteria, parasitic and protozoan origins can be found in wastewater;
and can be transmitted to farmers using the wastewater for irrigation; consumers of the
wastewater irrigated vegetables and populations living in close proximity to areas where the

irrigation is taking place (WHO, 2006).

There is a need to balance the risk and benefits related to irrigation with untreated or
wastewater. Also, this delicate balance is essential in order to understand the health risks
associated with wastewater irrigation. This will enable the advancement of effective and cost-

effective interventions (Amoah, 2014).

The Isipingo and the Palmiet Rivers are highly influenced by anthropogenic activities, thus

posing a major health risk to the inhabitants of these two rivers who rely on them for some of
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their daily activities. The figures 5.1 and 5.2 highlight some of the activities that were observed

during sampling and where linked exposure risks may occur.

Figure 5.1: Activities that occur at the Isipingo river with potential linked exposure risks

Figure 5.1 A shows the farming activity that takes place at the Isipingo River. The crops are
irrigated with the surface water next to the WWTP, using the bucket system. Figure 5.1 B at

the Transit camps illustrate that fishing activity occurs occasionally.
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Figure 5.2: Activities that occur at the Palmiet river showing a high degree of solid waste

Figure 5.2 A: Domestic activity (A woman is using surface water from Downstream QRI to do

her laundry).

Figure 5.2 B: Within the QRI informal settlement, a woman is throwing dirt into the river, as

well as rinsing the bucket with surface water from the Palmiet River.

The present part of this study was conducted to assess the public health risk associated with
exposure of men, women and children to microbial pathogens in polluted river water during
recreational activities (Objective 5). The risk associated with crop irrigation (on farmers) as
well as the consumption of crops irrigated with wastewater was determined (Objective 6). This
was achieved by looking at the risk associated with pathogenic E. coli, Campylobacter,
Salmonella and Shigella. Such information could be very important in fully quantifying the

microbial health risk to which users of river water, especially those living in rural and peri-
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urban communities, could be exposed, so as to take appropriate measures to protect their

wellbeing.

5.2 Materials and Methods
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Figure 5.3: Flow diagram of methodology

5.2.1 Description of study area

The area of study was as described in Chapter 3 (section 3.2.1).
The table below illustrates the labels used to represent the sampling points of interest in the

figures and tables throughout this chapter, in both rivers.
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Table 5.1: Sampling points identity as per labelling on figures and graphs

Sampling Isipingo River Palmiet River

points identity

11/ P1 Upstream Downstream QRI

12/ P2 Next to WWTP Upstream QRI

13/ P3 Transit camps Before joining Umgeni
14/P4 River mouth Methven Road

5.2.2 Surface water collection
Surface water samples were collected as described in chapter 3 (Section 3.2.4) from the

Isipingo and Palmiet rivers over a period of four months for each river. , samples were collected

bi-monthly.

5.2.3 Microbial quality of leafy vegetables irrigated with river water
Vegetable samples (spinach leaves) irrigated with the surface water from the Isipingo River

(Next to the WWTP) were collected in triplicate. Leafy samples (10g) in 100 mL of phosphate
buffered saline was repeatedly washed by vigorous shaking (30 min at 200 rpm min) on a
refrigerated rotary shaker (MRC Laboratory Equipment). The supernatant of the wash solution
(phosphate buffered saline containing bacteria released from vegetables) was examined using

the qPCR techniques (Singh et al., 2010).

5.2.4 gPCR methodology
The primers specific for the inv A gene targeting Salmonella were adopted from Rahn et al.,

(1992) and primers specific for the stx 2 gene [stx 2, F 5-ACGGCAACAAATACTTTCTA CC-

3”; stx2 R 5’-ACGGCAACAAATACTTTCTACC-3"’Product size: 195 bp] targeting EHEC
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were designed with in our research group (unpublished data). For the generation of standard
curves for the targeted genes, reference strains Salmonella enteritidis ATCC 13076 and E. coli
ATCC 35150 were grown in triplicate in one mL Luria-Bertani (LB) broth for 12 h at 37£1°C
to an optical density of approximately 0.6 at 600 nm (Genova Nano, Jenway). The number of
CFU/mL of cell suspension was determined by standard plate count methods. Further, cultures
of reference strains were serially diluted 10-fold to yield 107 down to 1 CFU/mL in phosphate-
buffered saline. DNA template was prepared from each dilution as per Jyoti et al. 2010. The
quantity and quality of extracted DNA was measured at 260/280 nm with a NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, DC, USA). The gPCR assay was
performed using CFX96 Touch™ Real-Time PCR Detection System (BIO-RAD, Hercules,
CA, USA). Briefly, the reaction mixture contained Maxima SYBR Green/ROX qPCR Master
Mix (12.5 pL), primers (0.4 uM each, 1 pL each) and 5 pL DNA template (10 to 10’ GC per

PCR) in a final volume of 25 L.

A mixture of all PCR reagents containing 5 pL sterile Milli-Q® (Millipore, Billerica, MA,
USA) water instead of DNA template in each gPCR assay served as a negative control. gPCR
amplification protocol for the targeted genes consists of initial denaturation for 5 min at 95°C,
followed by 45 cycles of three steps consisting of 10 seconds at 95°C, 20 seconds at 54°C and
20°C seconds at 72°C. The fluorescence signals were measured at the end of each extension
step. The standard curve was automatically generated by the CFX Manager™ Software v3.1.
The sample concentrations were calculated from the generated standard curve. The sample was

considered negative if the fluorescent signal did not increase within 45 cycles.

For the bacteriological assessment and culture free quantification of invA and stx2 genes in
surface water, multigenomic DNA was extracted from surface water using QlAamp® DNA

Mini kit (Qiagen, Hilden, Germany) following manufacturer’s instructions. The extracted
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DNA (5 pL) was used as template in qPCR assays as described above. Quantitative
enumeration of Salmonella and EHEC at each sampling location was carried out using standard
curve prepared by 10 fold diluted genomic DNA of S. enteritidis ATCC 13076 (10to 10’ GC

per PCR) and E. coli ATCC 35150 (10to 10’ GC per PCR) respectively.

5.2.5 Quantitative microbial risk assessment (QMRA) approach
The quantitative microbial risk assessment (QMRA) approach was used in the health risk

assessment. QMRA involves a sequence of four interrelated steps: a) hazard identification; b)
exposure assessment; c) dose-response assessment and d) risk characterization (Haas et al.,
2014). This tool has been used extensively in assessing the health risk associated with several
scenarios, such as health risk involved in wastewater use in agriculture (WHO, 2006),
recreational use of surface water (Abia et al., 2016b). The different steps are presented as

follows:

5.2.5.1 Hazard Identification

In this study, E. coli spp, Salmonella spp, Campylobacter spp and Shigella spp were chosen as
the main hazard for the risk assessment, based on their prevalence and potential high
concentrations in the surface water studied. The concentration of E. coli spp and Salmonella
spp used for the risk assessment was based on results obtained in this study, while that of
Campylobacter spp and Shigella spp were based on concentrations reported (Diergaardt et al.,
2004, Wose Kinge and Mbewe, 2010). Several studies have demonstrated the relationship
between pathogen contamination of surface water and adverse health outcomes for exposed
populations (Doreen et al., 2015, Coffey et al., 2007, Oliver et al., 2016, Jacob et al., 2015,
Yillia et al., 2009, Abbott et al., 2011, Abia et al., 2016b). Irrigation of crops (especially

vegetables) with fecally contaminated surface water has also been shown to lead to higher risk
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of infections for farmers as well as consumers of such crops (Amoah, 2014, Qadir et al., 2010,

Fuhrimann et al., 2016, Gemmell and Schmidt, 2013).

5.2.5.2 Exposure assessment

Exposure assessment involves the determination of the “amount or number of organisms that
correspond to a single exposure (termed the dose) or the concentration of E. coli spp,
Salmonella spp, Campylobacter spp and Shigella spp that will constitute a set of exposures”
(Haas et al., 1999).
In this study, three pathways were assessed:
(a) Accidental ingestion of surface water by exposed community members during bathing,
swimming and similar activities where direct contact with water occurs. For this
exposure scenario three sub-populations were considered: men, women and children.

(b) For women, additional exposure scenarios were considered, for example the use of the
surface water for household applications such as laundry.
(c) Consumption of vegetables irrigated with the surface water by consumers.
The different exposed populations and exposure scenarios as well as the volume of water

ingested by each exposed group are presented in Appendix 2 (Table 6.1).
5.2.5.3 Dose-response assessment

The dose response assessment involves the determination of the relationship between the dose
of the chosen pathogen ingested by the different exposed populations and the probability of
infection. The beta-poisson dose response model represented by the equation below was chosen

for this study (Haas et al., 1999).
—-a
@ =1 1+(d)(zl 1)
= —_ _— a —
P Nso
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Where ‘p(d)’ is the risk of infection, and ‘d’ the concentration of pathogen ingested in a known
volume of surface water or crops, ‘Nso- is the median infection dose representing the number
of organisms that will infect 50% of the exposed population and ‘@’ the dimensionless
infectivity constant.

Niso is calculated using the formula:

N50 = /3*(25—1)

The B values are presented in table 5.2 below.

The dose response parameters used for each of the pathogens considered are presented in table
5.2. These were adopted from dose response studies and have been used extensively in
literature for quantifying risk of infections for these pathogens (Abia et al., 2016a, Eregno et

al., 2016, Delignette-Muller et al., 2008, Gale, 2001, Schijven, 2011).

Table 5.2: Parameters for the dose response models (beta-poisson)

Organism B A Reference

E. coli 2473 0.395 Strachan et al., 2005

Salmonella 49.78 0.21 Meynell and
Meynell, 1958

Campylobacter 0.011 0.024 Teunis et al., 2005

Shigella 1480 0.265 DuPont et al., 1972

5.2.5.4 Risk characterization

In the risk characterization, all the outcomes of the hazard identification, exposure assessment
and dose response assessment were combined to characterize the probability of infection for
exposed populations. The risk of infection (P1(A)) associated with multiple exposures was

determined using the formula:

90



P1(A)=1-(1 - P1(d))"
Where ‘P1(d)’ is the risk of infection from a single exposure to a dose ‘d”’ of the pathogen; and
‘n’ being the number of days of exposure to the single dose ‘d”’ (Sakaji and Funamizu, 1998).
From the previous chapters 3-4, it is evident that the two rivers contain high microbial loads,
thus poses a human health risk on the community members that rely on them for different

activities.

5.3 Results
5.3.1 Quantification of invA and stx 2 gene copies in Palmiet River and Isipingo River
The gPCR assays designed in this study had the detection limit of 10 genomic copies of invA

gene (PCR efficiency 99.8%) and stx2 (PCR efficiency 99%) genes respectively (Figure 5.4 A
& B; Figure 5.5 A & B). The limit of detection of the gPCR assays has been shown in Figure
5.4 A and Figure 5.5 A whereas formation of a single PCR product is indicated in Figure 5.4B

and Figure 5.5B for inv A gene of Salmonella and stx2 gene of pathogenic E. coli respectively.
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Figure 5.4: Melt curve analysis of gPCR amplification product (A-B), A: Standard curve, B:
Melt curve of gPCR amplified product from 10-fold serially diluted genomic DNA of
Salmonella Typhimurium ATCC 13076 targeting invA gene
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Figure 5.5: Melt curve analysis of gPCR amplification product (A-B), A: Amplification curve,
B: Melt curve of gPCR amplified product from 10-fold serially diluted culture of E. coli ATCC
35150 targeting stx2 gene.

It was found that the Salmonella invA gene was more dominant thus yielded higher
concentrations than the stx2 gene. This was observed in both the Isipingo and Palmiet rivers’

surface water samples (Table 5.3).

Table 5.3: Quantitative analysis of Salmonella and E. coli through invA and stx2 gene based
gPCR in surface water samples over a 6 months period.

Sampling site Salmonella invA GC/ 100 mL  E. coli stx2 GC/ 100 mL
Isipingo River

Upstream (11) 222.8 +153.1 37.3+16.3

Next to WWTP (12) 1530 + 1496 37.1+22.9

Transit camps (13) 195.2 £ 129 16.8 +12.3

River mouth (14) 108.2 + 52 27.8+12.9
Palmiet River

Downstream QRI (P1) 112 £70.9 95.5+41.3

Upstream QRI (P2) 45.1+14.4 44.8 +18.1

B4 joining Umgeni (P3) 51.7+12 30.7 £16.5

Methven Road (P4) 78 +43.4 36.3+26.4

At the Isipingo River, the highest invA gene concentration representing Salmonella was

observed at the sampling site Next to the WWTP (1530 invA GC/ 100 mL) and the lowest at

92



River mouth (108.2 invA GC/ 100 mL). Stx2 gene representing pathogenic E. coli was dominant
at the sites Upstream and Next to WWTP (37 stx2 GC/ 100 mL) and the lowest concentration
was at the Transit camps (Table 5.3). At the Palmiet river, the sampling point Downstream QRI
was the most contaminated with both the Salmonella (112 invA GC/ 100 mL) and E. coli (95.5
stx2 GC/ 100 mL). The lowest concentrations were observed at sampling site Upstream QRI
(invA gene) and before joining Umgeni (stx2), refer to (Table 5.3). Salmonella invA gene was
more prevalent compared to pathogenic E. coli stx2 in both rivers. At the Isipingo river invA
concentrations ranged between (108.2 - 1530 invA GC/ 100 mL), whereas (45.1 — 112 invA
GC/ 100 mL) range were observed at the Palmiet river. A rather unusual trend was observed
when stx2 concentrations ranged between (16.8 — 37.3 stx2 GC/ 100 mL) at the Isipingo river
which was a lower range than what was found at the Palmiet river (30.7 — 95.5 stx2 GC/ 100

mL).

5.3.2 Quantitative microbial risk assessment (QMRA) approach to determine risk of infection
posed by Salmonella and pathogenic E. coli exhibiting inv A and stx2 genes respectively as
well as Campylobacter and Shigella spp.

The probability of infection has been expressed as a function of ingested surface water from
the Isipingo river and Palmiet river at various sampling points are shown in Figure 5.6. The
invA and stx2 gene copies were used to estimate the risk of infection upon exposure values
ranging from 1-100 mL along the sampling sites of interest. Sampling point identity as per

labels on the graph can be found in Table 5.1.
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Figure 5.6: Probability of infection based on E. coli stx2 gene along the Isipingo and Palmiet
Rivers at sampling sites of interest.

From the figure above, it was found that there is a higher probability of infection at the Palmiet
river, with the sampling point P1 (Downstream QRI) having the highest risk and P3 (just before
the Palmiet River joins the Umgeni River) with the lowest. At the Isipingo river, the sampling
point that had the highest risk of infection was 12 (Next to the WWTP). The sampling point
that is surrounded by the Transit camps, 13, continuously showed the lowest probability of
infection. A similar trend was observed in the sampling points 12 and 14 at surface water values
between 1-30 mL there was an equal probability of infection risk at these points. As the volume
increased, particularly at volumes > 40 mL, the probability of infection increased more in the
sampling point 13. Assuming that a person would be exposed to 1 mL upon accidental ingestion
(single exposure) of the polluted surface water from the Isipingo or Palmiet rivers, there would
be no risk (Pinf = 0) at all sampling points. However, if the concentration that an individual is
exposed to was 100 mL, the Pinf range would be Pinf 0.0026 — 0.0063 (13, 12) at the Isipingo
river and Pinf 0.005 - 0.015 (P3, P1) at the Palmiet river upon a single exposure of the untreated

surface water. With pathogenic E. coli higher risks of infection found at the Palmiet river
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Figure 5.7 below summarises the risk of infection upon accidental or intentional exposure to
surface water containing Salmonella invA gene from the Isipingo and Palmiet rivers. The risk

of infection is estimated for exposure values ranging between 1-100 mL.
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Figure 5.7: Probability of infection based on Salmonella, invA gene, along the Isipingo and
Palmiet Rivers at sampling sites of interest.

The Isipingo river had a higher probability of infection than the Palmiet river. It ranged from
Pinf 0.21 at the sampling points I1- Upstream to Pinf 0.52 at 12- Next to the WWTP. At the
Palmiet river the Pinf ranged between 0.13-0.22 Pinf (P2- Upstream QRI) (P1- Downstream
QRI) (Figure 5.6). The number of gene copies of invA gene (Figure 5.6) is much higher than
stx2 (Figure 5.7) in both the Isipingo and Palmiet rivers. This means that risk of infection is
high even with relatively low exposure volumes. For example, assuming that an individual is
exposed to 1 mL of water from the Isipingo river (Next to the WWTP), the probability of
infection would be Pinf 0.05. Assuming that another individual is exposed to 1 mL of the
polluted surface water from the Palmiet river, downstream of the QRI, the probability of

infection would be Pinf 0.0046. Overall a similar trend was observed in the invA and stx2 gene
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based qPCR results (Table 5.3), the QMRA stx2 results (Figure 5.6) and QMRA invA results
(Figure 5.7) whereby the sampling point Next to the WWTP (lIsipingo river) and Downstream
QRI (Palmiet river) posed the highest risk (high gene copies of invA and stx2 gene), as well as

the highest probability of infection values.

Figure 5.8 illustrates the probability of infection relating to exposure of polluted untreated
surface water contaminated with Campylobacter and Shigella spp. The concentrations used to

calculate the QMRA were adopted from (Diergaardt et al., 2004, Wose Kinge and Mbewe,

2010).
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Figure 5.8: Probability of infection in relation to Campylobacter spp. and Shigella spp.

The risk of infection will differ from person to person depending on the volume that they are

exposed to as well as the dose response. Therefore, the graph tells us the potential risk of
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infection in relation to the volume of exposure ranging between 1-100 mL. If one person is
exposed to 1mL we can deduce that the risk of infection will be 0.15 (Campylobacter) and
0.0017 (Shigella) per each exposure. Assuming that an individual is exposed to the surface
water more frequently, for example the farmers during crop irrigation as illustrated (Figure 5.1)
then multiple exposure occurs, (e.g. at least 3 times in a week), hence the probability of
infection is increased. This means that the probability of infection of Campylobacter spp. or
Shigella spp. can be obtained from the figure above, (Figure 5.8), if the volume of exposure is
known (upon single exposure) as well as the frequency of exposure, in order to calculate

probability of infection relating to multiple exposures.

5.3.3 Sub-population risk: in relation to recreational and occupational activities
When the three different groups (men, women and children) were analysed according to

exposure volumes based on literature (Appendix 2; Table 6.1) and exposed through recreational
activities, it was found that children were at the highest risk of being infected. Assuming that
children were exposed to polluted surface water from the Isipingo and/ or the Palmiet river,
upon a single exposure (37 mL) then the Pinf is as high as 0.41 invA and 0.002 stx2 for children
at sampling point Next to the WWTP (Isipingo river). The same trend was observed at the
Palmiet River, with the highest risk at sampling point Downstream QRI (0.122 Pinf invA and
0.006 Pinf stx2) as referred (Figure 5.6 and Figure 5.7). Assuming that the water would be
contaminated with Campylobacter and Shigella, the risk of infection on children per one time
exposure would be 0.22 Pinf Campylobacter spp. and 0.057 Pinf Shigella spp. (refer to Figure

5.8).

The women had the lowest probability of infection upon single exposure during recreational
activities but since they also use surface water for domestic/occupational purposes additional
exposure are considered. An unpaired t-test was used to compare the risk of infection on women

before and after the additional exposure and a significantly higher risk (p-value <0.05) resulted
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both at the Isipingo and the Palmiet River sites. Although there was addition exposure amongst
the women population, children were still at a higher risk of infection upon exposure due to

recreational activities alone.

5.3.4 Quantitative microbial risk assessment (QMRA) approach to determine risk of infection
posed by Salmonella exhibiting inv A gene on crops irrigated with surface water from Isipingo
River

The concentration of Salmonella exhibiting the invA gene on spinach irrigated with surface
water from the Isipingo River (Next to the WWTP) as well as the Probability of infection before
and after the application of the multi-barrier approach advised by the World Health
Organisation (WHO, 2006) are summarized in table 5.4. Multiple barrier means that the
reduction (here of organisms/genes expressed as logarithmic values) in a number of defined
technical and/or behavioural steps are added together in the final calculation of risks.

Table 5.4: Salmonella invA gene and risk reduction rate on spinach irrigated with surface
water from the Isipingo River

Sample ID* Salmonella Pinfin 100g Pinf After

iNnvA Spinach. risk

GC/100 g (Worst case  reduction

in qPCR scenario) (Best case

scenario)
Sample 1 733 0.44 0.03
Sample 2 2 547 0.56 0.01
Sample 3 1495 0.51 0.01
Sample 4 826 0.45 0.03
Sample 5 93373 0.79 0.04
Sample 6 130 893 0.81 0.01

*Sample 1-6 refers to the supernatant of the wash solution (phosphate buffered saline containing
bacteria released from vegetables).

High Salmonella gene copy numbers show that there is a relatively high risk to human health

in this case both to the farmer (who uses surface water form this sampling point which is highly

98



polluted, refer to Figure 5.1) as well as the consumers. The concentration of Salmonella
exhibiting the invA gene on spinach irrigated with water from the Isipingo River Next to the
WWTP was relatively high, ranging between 733- 130 893 invA GC/100g. Therefore, the
probability of infection on consumers of the spinach was relatively high, where the worst-case
scenario (where consumers are exposed to the highest concentration of this pathogen possible
as recorded in this study) ranged between 0.44 to 0.81 Pinf. However, when the multi-barrier
approach (refer to Appendix 2; Table 6.2) was applied, the risk reduced to a range of 0.1t0 0.4
Pinf posing a lower risk to the consumers of the spinach irrigated with river water as compared
to the risk prior to the application of the multibarrier approach (worst case scenario), (Table

5.4).

5.4 Discussion
5.4.1 Stx2 and invA gene data and risk related to sampling sites
The high Salmonella and E. coli concentrations in the form of invA and stx2 genes observed at

the sampling site Next to the WWTP (Isipingo River) and Downstream QRI (Palmiet River)
(Table 5.3) serve as a major human health risk to the community members that are exposed to
surface water from these two rivers. This was proven by the high probability of infection values
at these sampling points; in both the Isipingo and Palmiet Rivers using the stx2 (Figure 5.6)
and invA results (Figure 5.7). Sampling points that had the lowest risk of infection based on the
two pathogens tested were River mouth and Transit camps (Isipingo River) and Upstream QRI
and before joining Umgeni (Palmiet River). The high pathogenic concentrations and
probability of infection is in agreement with the findings in Chapter 3 in which the sampling
points next to the WWTP and Downstream QRI were constantly polluted with indicator
organisms. The Isipingo River had high Salmonella invA concentrations thus posed a higher
health risk (Figure 5.7) than the Palmiet River, which is also the general trend as was observed

in the previous chapters. An interesting and unusual trend occurred when the overall probability
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of infection was compared between the two rivers. The Palmiet had relatively higher infection
risk of infection and stx2 GC/100 mL than those at the Isipingo River, which is probably due
to the fact that the stx2 gene was more dominant in this river, especially at the sampling point
Downstream QRI (P1). The use of the river water for domestic activities (e.g. laundry, refer to
Figure 5.2A) is much more common at this point (Downstream QRI (P1). Numerous factors
such as agriculture (Walters et al., 2011), WWTWs (Naidoo and Olaniran, 2013, Abia et al.,
2015c, Teklehaimanot et al., 2014, Sibanda et al., 2015) and informal settlements (Sithebe et
al., 2016, Abia et al., 2016b, Abia et al., 2017b) are known as contributors to the poor microbial
quality of surface water within aquatic environments. The high microbial concentrations
observed were as a result of either one or a combination of these factors. As previously reported
in Chapter 3 & 4, the sampling point Next to the WWTP accounted for the highest negative
impact on the microbial quality of the water and sediments along the Isipingo River. Similar
effects on the contribution of WWTWs to poor microbial quality of water catchments have
earlier been reported in many parts of the world, including South Africa (Naidoo and Olaniran,
2013, Abia et al., 2015c, Teklehaimanot et al., 2014, Sibanda et al., 2015, La Rosa et al., 2010,

Wakelin et al., 2008).

Informal settlements also played a role in enhancing the microbial concentrations and thus the
risks in general as observed in the Palmiet River at the sampling point Downstream QRI.
Considering the lack of sanitation facilities, the inhabitants within this informal settlement
sometimes use the river water and its banks for household and fecal waste disposal which
naturally also results in unfavourable effects on the microbial quality of the river (Chidamba

2015, Abia et al. 20164, Sithebe et al. 2016, Abia et al. 2017a).

5.4.2 Campylobacter spp and Shigella spp
It is important to note that current practices to determine a possible risk of infection related to

the microbiological quality of water include the assessment of the volume of water (ingested)
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and the concentration of pathogenic microorganisms in water (Gerba et al., 1996). Probability
of infection in relation to Shigella and Campylobacter were simulated using Figure 5.8, given
that the volume of exposure is known. For the purpose of these simulations, volumes of 1mL
and 100 mL were selected as representative of the best-case scenario and worst-case scenario
respectively. Assuming that these volumes could be ingested accidentally or intentionally in
the course of direct or indirect exposure, the daily combined risk of Shigella spp. (0.0017) and
Campylobacter spp. (0.15) resulted due to ingestion of 1 mL of river water. The corresponding
high-risk scenario of 100 mL ingested resulted in the corresponding figures of 0.13 (Shigella)
and 0.24 (Campylobacter). The results obtained showed to be higher than the lowest acceptable
risk limit of 10~* estimated by the World Health Organization (WHO, 2001) for recreational

water.

5.4.3 Sub-population risk: in relation to recreational and occupational activities
There are various factors that contribute to the outcome of the risk based on the different

exposures as applied within QMRA. Amongst these are the general approach which assumes
that the same volume of untreated water will be ingested by every individual using the water,
thus the risk of infection is equal over a given population. Secondly a variability in sensitivity
occurs when considering the exposures and factors like age, gender, immune status as well as
previous disease history. On the other hand, researchers from different parts of the world have
reported various average volumes that an individual can ingest during recreational activities,
depending on the sex and age of the individual: 128mL during long distance swimming (Allen
et al., 1982); 170mL amongst surfers (Stone et al., 2008); 50 mL recreational exposure (Abia
et al., 2016b). In this study the volumes of women (18mL), men (27mL) and children (37mL)

were considered based on Schets et al., (2011).

When sub-population risks were determined along the Isipingo and Palmiet Rivers, the highest

risk due to recreational activities was observed at the sampling point next to the WWTP
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(Isipingo) and Downstream QRI (Palmiet River) for men, women and children, with children
having the highest risk. Risk exposure relation to Campylobacter and Shigella also showed a
relatively high risk on children. The results obtained were above the WHO recreational
guidelines (10#) (WHO, 2001) for all pathogens in both rivers. Thus, these rivers are not safe

for children to partake in recreational activities in them.

Additional exposure (laundry) was accounted for in the women population. This is because it
was observed in this study that the women especially within the informal settlements use the
river water for laundry (Figure 5.2: Activities that occur at the Palmiet river). There was
significantly higher difference in the risk of women prior to the additional exposure and after
the additional exposure (p-value <0.05). Although the women’s risk increased, the risk
amongst children was continuously the highest at all the sampling points of interest, in both the
Isipingo and Palmiet Rivers. This is because more water is ingested by children compared to
adults, during recreational activities (Wade et al., 2008). The higher sensitivity of children is
also an additional factor that puts the children at a higher risk during an event of consuming
untreated river water (Abia et al., 2016b). In many parts of the world fetching water for
household purposes, from the river is a chore set aside for children which is also the case in
both the Isipingo and Palmiet Rivers. Ultimately this poses a relatively high risk of infection

on children (Abia et al., 2016b, Musah, 2013, WHO/UNICEF, 2009).

5.4.4 Crops irrigated at the Isipingo River
The risk associated with consuming spinach that is irrigated with the river water is a major

concern for all members of the community. However, the farmers are at a greater risk, because
they are exposed to the river water that is highly polluted on a daily basis, given that they use
the bucket system for irrigation (as seen at the Isipingo River, Figure 5.1 A). If a farmer has a
one-time exposure leading to a consumption of 1mL of the untreated river water during

irrigation, the resulting probability of infection due to pathogenic E. coli stx2 (0), Salmonella
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invA (0.0045), Shigella spp. (0.0017) and Campylobacter spp. (0.151) respectively, with the
Campylobacter spp posing the highest risk. From the pilot study results the highest risks from
the consumption of the spinach occurs based on the Salmonella invA gene contamination levels
on the spinach. With the assumption that there is no die off of the pathogenic bacteria on the
spinach irrigated with river water at this point (Table 5.4), the risk is relatively high. However,
if washing and cooking is applied (refer to Appendix 2; Table 6.2), a 9-log reduction would be
achieved whereby the average risk will be reduced from Pinf 0.64 to 0.02 thus by the time the
crop is consumed there is no (“ideally”, according to the WHO approach (WHO, 2006). Thus,

if the spinach is washed well and cooked well, the risk posed to the consumers is minimal.

5.5 Conclusion
The pathogens detected in the Isipingo and Palmiet Rivers pose a relatively high risk, which

was proven by the probability of infection calculations and results in this study.

The sampling points Next to the WWTP (Isipingo) and Downstream QRI (Palmiet River) are

highly polluted, thus pose the highest risk.

Amongst the women, men and children populations, children are at the highest risk of infection
if they are exposed to surface water from the Isipingo and Palmiet Rivers, especially at

sampling points Next to the WWTP and Downstream QRI.

The surface water from the Isipingo and Palmiet Rivers are above the WHO recommended

target value for risk of infection

Crops irrigated with surface water from the Isipingo River (Next to the WWTP) is not safe for

consumption, however handled using the WHO approach, the risk is reduced.

5.6 Recommendations
Further analysis to determine the risk in sediments as well as resuspension of sediments.
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Educate farmers as well as the people surrounding the two rivers about the risk associated with
the exposure to surface water from the river. As well as education on how to handle crops that

are irrigated with contaminated surface water in order to reduce the risk on consumption.
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CHAPTER 6 : Conclusion and Recommendation

6.1 Conclusion
The analysis of the historical data gave a baseline of the Isipingo and Palmiet rivers, which

assisted in understanding the current microbial status within the two rivers. Based on the
historical data analysis, it was evident that the QRI settlement area is a major pollution source
within the Palmiet river, where sampling should be focussed. The analysis of the historical data
for the Isipingo river further showed that upstream sampling of the WWTP is needed in order
to determine the impact of the WWTP downstream It was further clear that sampling points
situated near the wastewater treatment plants, pump stations or informal settlements were of

major concern and thus were considered further.

When the concentrations of microbial indicator were compared the sediment exhibited higher
microbial concentrations than surface water in both rivers. This trend was observed in all the
sampling points of interest. Heavy rains impacted on the variability of microbial
concentrations, this was especially evident in sediment samples which exhibited higher
microbial concentrations during this event than under baseline conditions. Higher microbial
indicator concentrations also occurred in surface water after a heavy rainfall as compared to
when there was no rainfall. Therefore, it can be concluded that rainfall had a significant impact

on microbial variability both in the water and in the underlying sediment.

The municipality rely on E. coli as an indicator in surface water. In this study Enterococci were
quantified in parallel. The supplementation of Enterococci to the E. coli measurements give a
better reflection of the diverse and different activities that occur and the different pollution
sources that affect the water quality in these two rivers. Thus, the combination of two indicators

would be advantageous to assess the human health risks.
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Method comparison gave a higher selectivity with the chromogenic methods than with
assessments with normal conventional media. Brilliance E. coli /Coliform agar was comparable
with Colilert-18 IDEXX. Comparable results were also obtained for Enterococci between
Slanetz & Bartley and the Enterolert IDEXX methods. However, when mFC agar was
compared with Colilert-18 IDEXX, there was a significant difference between these two

methods.

Molecular methods showed to be reliable with droplet PCR giving consistently higher values

in sediments, due to an assumed less impact of inhibitors, than the quantification with gPCR.

The potential risk to human health posed by pathogenic bacteria was assessed through the
detection and quantification of the E. coli stx2 gene and Salmonella invA gene along the two
rivers. A risk assessment related the recreational and occupational exposures of children that
was shown to be at the highest risk. The probability of infection upon exposure to surface water

from the Isipingo and Palmiet rivers was significantly high and above the WHO target values.

A QMRA pilot study on crops irrigated with surface water collected next to the WWTP verified
that pathogenic bacteria may pose a risk to the consumer. However, a 9-log reduction may be
achieved when the WHO multi-barrier figures are applied, which involves proper washing and

cooking of the crop before ingestion. During these circumstances, no risk prevail.

The sampling points that had the highest pollution level and constantly exceeded the WHO and
DWAF guidelines (table 2.1) at the Isipingo river were situated “Next to the WWTP”, and

“Downstream of QRI” at the Palmiet River.
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6.2 Recommendations

e It is recommended that educational seminars are put in place with the stakeholder
groups of the settlements next to Isipingo and Palmiet Rivers, in order to educate the
inhabitants about the health risk associated with exposure to surface water from these
two rivers.

e Itisrecommended that sediment sampling be incorporated in to the monthly monitoring
programme conducted by the municipality on South African rivers, since these exhibit
high microbial indicator concentrations.

e The use of a sediment traps and auto samplers would be recommended to further
evaluate the usefulness of continuous sampling.

e The use of more than one indicator is recommended during normal monitoring. Also,

pathogen testing should be incorporated in future planning
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APPENDICES

Appendix 1: Supporting information for chapter 3

Appendix 1 relates to the supporting information for chapter 3, below is a graph showing the
conductivity values at three sampling points of interest (Figure 6.1). Pictures of the auto-
sampler and sediment trap used in this study are illustrated in (Figure 6.2).

4,5

3,5

2,5

Conductivity (uS/cm’ )

1,5
Upstream Downstream River mouth

Sampling points

Figure 6.1: Conductivity values for sampling points along the Isipingo River (February 2015).

Figure 6.2: A- Standard auto sampler (3700C compact portable sampler, Teledyne Isco,
USA); B- Sediment trap (self-designed)
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Appendix 2: Supporting tables for QMRA (chapter 5)
This appendix contains additional information such as tables and figures that relates to Chapter

5 such as exposure scenarios (Table 6.1), the multi-barrier approach according to the World

Health Organisation and the QMRA results relating to recreational activities.

Table 6.1: Exposure assumptions relating to recreational and occupational activities

Frequency Reference

Schets et al., 2011
Schets et al., 2011

Group Volume (ml)
Recreational (Swimming)
Men 27 7
Women 18 7
Children 37 8

Women (Laundry) 10

Occupational

Schets et al., 2011

Steyn et al., 2004

Table 6.2:Multi-barrier approach according to (WHO, 2006)

Control Measure Reduction Comments
(log units)
Produce-washing with water 1 Washing salad crops, vegetables and fruit
with clean water.

Produce disinfection 2 Washing salad crops, vegetables and fruit
with a weak, often chlorine-based
disinfectant solution and rinsing with
clean water

Produce peeling* 1-2 Fruits, cabbage, root crops
Produce cooking 6 Immersion in boiling or close-to-boiling

water until the food is cooked ensures
pathogen destruction

*In this instance, this control measure was not added, since we were considering Spinach and

there is no peeling.
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Appendix 3: First pages of published outputs
Appendix 3 contains the first page of the book chapter, publication that | have contributed to
and a submitted manuscript as well as a newspaper article.

Book chapter in Microbes in the spotlight: recent progress in the understanding of beneficial
and harmful microorganisms.

Microbes in the spotlight: recent progress in the understanding of beneficial and harmful microorganisms

A comparative microbiological assessment of the Isipingo River and
A. MENDEZ-VILAS, ED. Palmiet River in Kwa-Zulu Natal province to elucidate health risks

A. Sithebe™ G. Singh™' 1. D. Amoah™' and T. A. Stenstrom'

ilnsmutc for Water and Wastewater Technology, Durban University of Technology, ML Sultan Campus
“PO Box 1334, Durban, 4000 South Africa
*Corresponding author: e-mail: sithebeayandal 5@gmail com, Phone: +27 313736704

The microbiological quality of the Palmiet and Isipingo Rivers in KwaZulu-Natal (South Africa) was investigated

The study involved an assessment of historical data collected over the past 66 months on each river based on
Escherichia coli (E.coli) values obtained from the Municipality (¢Thekwini Water and Sanitation Dept). This was
followed by microbiological quality assessments in 2015 for surface water and sediments with IDEXX Colilert 18
for coliforms and E.coli quantifications and Enterolert for the enumeration of Enterococci. Physiochemical

lN THE properties included temperature, pH, conductivity, TDS, salimity and dissolved oxygen. The selected sampling

points in both rivers expressed a water quality classified as unsuitable for crop irrigation and recreational use. The

SPUTLI G HT observed microbial concentrations in both rivers exceeded the World Health Organization guideline values and

standard limits defined by Department of Water Affairs and Forestry (SA). It was further concluded, Isipingo
River had an inferior quality than the Palmiet River

Keywords Water quality; risk assessment, Escherichia coli; Enterococci

1. Introduction

The deteriorating quality of river water is a major threat to South Africa’s ability to provide adequate water of
appropriate quality to meet its population’s needs and to ensure a sustainable environment. Thus, a further
understanding of the quantitative variability is important for accurate and comprehensive assessment of
microbial river water quality which accounts for seasonal and spatial variations. Diarrheal discases ranked 2™
after HIV in the global burden of diseases in South Africa with an impact of 4.9% (1 138 000) life years lost per
year solely due to diarrhea [1]. Children who are malnourished or have impaired immunity as well as people
living with HIV are at risk of life-threatening diarrhoea. Approximately 2.2 million people die each year
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Journal article published in Journal of Water and Health. Available Online 4 April

2017, wh2017259

and its application for river sediments

Guishan Singh, Aysnda Sithebe, Abimbola M. Enitan, Sheena Kuman, Faizal Bux, Thor Axel Slenstrom
Available Online 4 April 2017, wh2017259; DOI: 10.2166/wh.2017.259

Article Info & Metrics [ PDF
Abstract

Despite advances in microbial detection that quantitative polymerase chain reaction (QPCR) has led
to, complex environmental samples, such as sediments, remain a challenge due to presence of
PCR innibitors. Aquatic sediments accumulate particle-bound microbial contaminants and thereby
reflect a cumulative microbial load over time. The relatively new droplet digital PCR (ddPCR) has
emerged as a direct quantitative method., highly tolerant to PCR inhibitors and relinguishing the
necessity for calibration/standard curves. Information is virtually absent where ddPCR has been
applied to detect pathogenic arganisms in aquatic sediments. This study compared the efficacy of
ddPCR with gPCR, for guantification of Salmonella in sediments from the Palmiet River near an
informal settlement in Durban, South Africa. ddPCR significantly improved both analytical sensitivity
and detection of low concentrations of Salmonelia as compared to qPCR. The expecied copy
numbers measured from both gPCR and ddPCR showed good R? values (0.999 and 0.994,
respectively). The site mostly affected by the informal settlements exhibited Sa/mone/la in the range
of 255 + 37 and 818 + 30 Sa/monellalg (p = 0.0001) in gPCR and ddPCR, respectively. The
improved detection of Sa/monelia in sediments with ddPCR makes it a promising technical method

for the quantification of Salmonefla in multifarious environmental samples.
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SELECTED ISSUE

Volume 15,issue 2

Table of Contents
Browse Archive

Actions

= Emall
7 Share
@ Citation Tools
¥} View Full PDF

149




Manuscript submitted in Journal of Physics and Chemistry of the Earth: 17" WaterNet

Symposium special issue.

Manuscript Details

Manuscript number JPCE_2017 65

Title Prevalence and impact of rainfall on microbial variability in surface water and
sediments in Isipingo and Palmiet Rivers, KwaZulu-Natal

Article type Full length article

Abstract

The investigated microbiological quality of the Palmiet and Isipingo rivers situated in KwaZulu-Matal (South Africa) are
affected by numerous anthropogenic sources. The study involved a microbiological quality assessments of surface
water and sediments collected from both rivers, The IDEXX Colilert -18 and Enterolert Quanti-Tray test methods were
used for the enumeration of E.coli and Enterococei respectively. Further, to investigate the effect of rainfall on the
microbial concentrations a pilot study was conducted in the Isipingo river water and sediment samples to address
variability over time. The results indicate that sediments samples from Isipingo and Palmeit rivers had significantly
higher microbial levels of E.coli and Enterococci than the surface water at the corresponding sites (one way Annova, p
< 0.05). When overall microbiological parameters were compared between the rivers, lspingo river had a mean £5TD
(leg10 CFUMO00 mL) range in surface water of E.coli between 4.7+1.1 - 5,0+£0.9 and for Enterococei between 4.2+1.4 -
4.6+1.3. This was higher than for the Palmiet river surface water samples where the corresponding values were for
E.coli : 3.4+0.9 - 4 7+0.6 and for Enterococci: 2.8£0.6 - 4.620.5. The same trend was observed in sediment samples.
Higher microbial concentrations accurred after heavy rainfall as compared to no rainfall event, The highest
concentration of E.coli and Enterococci were found at the site next to the wastewater treatment plant and the lowest
level of E.coli and Enterococci upstream of the wastewater treatment plant at the Isipingo river. Sampling sites
surrounded by the Quarry road informal settlements exhibited high levels of indicater organisms. In general, the
selected sampling points in both the Palmiet and Isipingo River had a water quality classified as unsuitable for crop
irrigation and recreational use with an inferior quality at the Isipingo river as compared to the Palmiet river.
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Article on The Mercury newspaper (24 May 2016) which shed some light on the pollution state

of the Palmiet and Isipingo rivers, based on the findings obtained in this study.
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